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ABSTRACT 
Plasmonic Properties of Nanoparticle-Film Systems and 
Periodic Nanoparticle Arrays 
by 
FeiLe 
In this thesis we perform theoretical investigations on the optical properties of 
geometrically infinite metallic nano-structures such as nanoparticle / film systems and 
periodic nanoparticle arrays. We apply both Plasmon Hybridization (PH) and Finite-
Difference Time-Domain (FDTD) methods and we obtain quantitative agreement 
with experimental measurements as well as other theoretical methods such as Mie 
Theory and Finite Element simulation. 
For the nanoparticle over film structure, our research shows that the plasmonic in-
teraction between the nanoparticle and the film is an electromagnetic analogue of the 
spinless Anderson-Fano model, which was used to describe the interaction of a local-
ized electronic state with a continuous band of electronic states. Three characteristic 
regimes of the model are realized as the energy of the nanoparticle plasmon resonance 
lies above, within, or below the energy band of the surface plasmon state. These three 
interaction regimes are controlled by the film thickness. In the thin film limit, The 
plasmonic coupling between the nanoshell and the film induces a low-energy virtual 
state (VS) mainly composed of delocalized film, which can be further tuned as the 
aspect ratio of the nanoshell changes. The calculations are found to agree well with 
experimental measurements. Using FDTD method, we show that the electromagnetic 
field enhancement induced by the VS in the thin film limit can be very large and the 
nanoparticle / film system could serve as an ideal substrate for Surface Enhanced 
Raman Spectroscopy (SERS) and Tip Enhanced Raman Spectroscopy (TERS). 
The plasmonic properties of nanoparticle arrays are investigated using FDTD with 
Periodic Boundary Conditions (PBC). Our research shows that 2D hexagonal (hep) 
nanoshell arrays possess ideal properties as a substrate that combines SERS and Sur-
face Enhanced Infrared Absorption (SEIRA), with large electric field enhancements 
at the same spatial locations in the structure. With small interparticle distance and 
normal incidence, the multipolar plasmons of each constituent nanoshells hybridize 
and form band structures. For SERS, a relatively narrow near infrared (NIR) plasmon 
resonance is induced by the quadrupolar plasmonic interactions among neighboring 
nanoshells. For SEIRA, an extremely broad mid infrared (MIR) is induced by the 
dipolar resonances of the nanoshells. The relation between the field enhancements 
and the interparticle separation in the MIR regime is systematically investigated using 
an electrostatic model. 
We apply the Multiple Unit Cell (MUC) PBC implementation for calculating the 
optical properties of periodic nanoparticle arrays for oblique excitations using the 
Finite-Difference Time-domain method. We discuss computational and numerical 
aspects and present a detailed investigation of its convergence properties. We in-
vestigate the extinction spectra of one-dimensional metallic nanosphere arrays under 
different incident angles and polarizations. The dispersion relation of the transverse 
and the longitudinal plasmon modes are calculated and found to be in qualitative 
agreement with simple electrostatic models. 
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Chapter 1 
Introduction 
Plasmonics is an intriguing field of science which focuses on plasmons, the collec-
tive oscillations of the free electron gas density[1]. Similar to photons and phonons, 
plasmons can be considered as quasi-particles originated from the quantization of 
plasma oscillations in metals. Using the Drude model[2], metals are treated as free 
electron gas sitting on top of a uniform, positive charge background. The bulk plas-
mon energy is usually considered as a constant that only depends on the free electron 
density n0 and takes the form u)0 = J^nn0e2/me, where me is the electron mass. 
Plasmons crucially determine the optical properties of metals. For example, in-
cident electromagnetic waves with frequency below the bulk plasmon frequency is 
reflected since the electric field in the incident light is screened by the free electrons 
in the metal. In most metals and some semiconductors, the bulk plasmon level is at 
ultraviolet, hence leading to their shiny colors because of a nearly total reflection of 
incident visible light. 
Surface plasmons are the plasmons which propagate exclusively on the surfaces 
of metals. The interaction between plasmons and photons is often strong enough to 
create quasi-particles called surface polaritons[3, 4] at the interface between materi-
als with positive dielectric constants (glass, air, vacuum, etc.) and materials with 
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negative dielectric constants (most metals). A striking feature of surface plasmon is 
its capability of controling the color of a metallic object by changing its geometric 
properties. Since surface plasmon strongly depends on the geometric parameters of 
the metallic surfaces, changing the shape or size of the object alters the resonant 
and propagating wavelengths of surface plasmons. This in turn controls the coupling 
between light and the surface plasmons. 
The experimental research on surface plasmons has recently been pushed into 
visible light regime by the rapid development in nanotechnogy. Highly advanced 
fabrication techniques, such as self-assembly method, Electron-Beam Direct-Write 
Lithography (EBDW) and Extreme Ultraviolet Lithography (EUV), have enabled the 
economical and efficient production of nanoscale particles and substrates for scientific 
research as well as industrial applications[5, 6, 7, 8, 9, 10, 11]. When excited reso-
nantly, the surface plasmons of the metallic nanostructures can generate a strong local 
electro-magnetic field enhancement, which can induce a large cross-section for sur-
face enhanced spectroscopy studies, such as Surface Enhanced Raman Spectroscopy 
(SERS) and Surface Enhanced Infrared Absorption (SEIRA). 
SERS[12, 13, 14, 15, 16, 17, 18, 19] is a surface sensitive technique which applies 
the strong electromagnetic field hotspot from the rough surface of metals to produce 
large enhancement of Raman scattering of adsorbed molecules. Based on specific ge-
ometric configuration and surface roughness, a typical SERS enhancement factor can 
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be as large as 1015. Such hugh enhancement can dramatically increase the detection 
sensitivity to virtually allow a single molecule to be identified. 
SEIRA[20, 21, 22] is the effect where molecules adsorbed on metal island films 
or particles exhibit a much stronger (10-1000 times) infrared absorption than would 
be expected from conventional absorption measurements without the metal. The 
electromagnetic coupling between the incident photon and the metal surface plays an 
important role in this effect. Due to its relatively weak signal strength, SEIRA has 
not received as much attention as SERS. However SEIRA has its unique advantages 
such as working with mid-infrared excitations and being responsive to a very broad 
energy regime. 
Although many of the predecent studies have focused on individual nanoparticles 
or small nanoparticle clusters (dimer, trimer, etc.) [23, 24, 25], potential applications 
of nano-plasmonics to promising fields such as Tip-Enhanced Raman Spectroscopy 
(TERS)[26, 27, 28], negative refractive index metamaterials[29, 30, 31, 32] and sub-
wavelength waveguiding [33, 34, 35] require systematic experimental and theoretical 
investigations on the plasmonic properties of infinitely extended nanostructures, such 
as the nanoparticle / metallic film system and the one and two dimensional nanopar-
ticle arrays. 
Tip-Enhanced Raman Spectroscopy (TERS) has recently been a hot topic for its 
promising capability of combining scanning probe microscopy such as Atomic Force 
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Microscopy (AFM) or Scanning Tunneling Microscopy (STM) with SERS. Traditional 
Raman spectroscopy measurement suffers a lot from weak signals due to the small 
Raman cross-sections of molecules. Unlike SERS which requires complex fabrication 
technique to deliberately create roughened metallic surface for local electromagnetic 
hotspots, TERS utilizes the field concentration around the metal tip of a microscopy 
close to a smooth metallic film. Compared with SERS, TERS has a similar resolution 
for molecule detection and is much more flexible since the location of the hotspot can 
be freely modulated by repositioning the tip. 
Metamaterial is another highly promising field in nano-plasmonics. Metamaterials 
are macroscopic composites having a manmade, three dimensional, periodic cellular 
architecture designed to produce an optimized combination, not available in nature, of 
two or more responses to specific excitations. The first metamaterial was developed by 
W. E. Kock in the late 1940's Metal-lens antenna[36]. In 1999, Pendry demonstrated 
that left-handed materials, which possess negative permeability and permittivity at 
the same wavelength regime, can be created from metamaterials with carefully de-
signed geometric properties [37]. Numerous fascinating applications have emerged 
thereafter, including superlens[38], cloaking devices[39] and agile antennas[40]. 
Subwavelength waveguiding technique refers to the method that allows transmis-
sion of visible light through nanostructures. This technique is crucial in developing 
future genenerations of optical circuits and super computers. It has been shown[41] 
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that nanoparticles with different dielectric and magnetic properties are analogous 
to basic electronic circuit components (resistors, inductors and capacitors) so that 
nanocircuits can potentially be analyzed and designed classically. 
The main theoretical methods applied in this thesis are Plasmon Hybridization 
(PH) and Finite-Difference Time-Domain (FDTD). Plasmon Hybridization is a quasi-
static analytical approximation of the Maxwell's Equations, developed here at Rice 
University[42, 2]. In the PH method, metal is treated as irrotational, incompressible 
electron gas on top of uniform, rigid positive background. The plasmons of the 
interacting system are expressed in terms of the primitive plasmons of the elementary 
surface modes. Since PH does not include phase retardation effect, our research with 
PH mainly focuses on quasi-static limit where the size of the particle is at most 
a quarter of the incident wavelength. The plasmonic interaction in the system is 
modeled with instantaneous Coulomb potential. 
Finite-Difference Time-Domain method is a brute-force "boot-strapping" algo-
rithm in solving Maxwell's Equations in differential forms on an offset Yee cell[43, 44]. 
Shortly after being introduced by Yee[45], FDTD did not receive much attention due 
to its difficulty in modeling an infinitely "open" space. This conundrum was success-
fully solved by Mur in 1981 by introducing the absorbing boundary conditions [46]. 
Ever since then FDTD has been widely applied in engineering fields such as antenna 
array design[47, 48], wireless communication[49], biomedical research[50], photonic 
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crystal studies[51, 52, 53], etc. Recently FDTD has been successfully applied in spec-
tral analysis and electric field enhancement simulations of metallic nanostructures[54, 
55]. 
The combined power of PH and FDTD has led to exciting discoveries in nano-
plasmonics [56, 57, 58]. Although fully numerical methods such as FDTD usually lack 
intuitive physical interpretations, it can be fully compensated by a PH calculation 
on the same system. With a straightforward eigen-mode analysis from PH, we can 
understand the dominant plasmonic interactions in complex nanostructures. 
This thesis is comprised of the materials from the following publications: 
"Optical Properties of Metallic Nanoparticle Arrays for Oblique Excitation using the 
Multiple Unit Cell Method", F. Le, and P. Nordlander, Journal of Computational 
and Theoretical Nanoscience (Accepted) 
"Metallic Nanoparticle Arrays: A Common Substrate for Both Surface-Enhanced 
Raman Scattering and Surface-Enhanced Infrared Absorption", F. Le, D. Brandl, Y. 
A. Urzhumov, H. Wang, J. Kundu, N. Halas, J. Aizpurua, and P. Nordlander, ACS 
Nano, 2, 707-718 (2008) 
"Surface Enhanced Infrared Absorption (SEIRA) Spectroscopy Using Infrared Res-
onant Nanoshell Aggregates Substrates", J. Kundu, F. Le, P. Nordlander, and N. 
Halas, Chem. Phys. Lett, 452, 115-119 (2008) 
"Plasmonic Interactions between a Metallic Nanoshell and a Thin Metallic Film", F. 
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Le, N. Z. Lwin, N. Halas, and P. Nordlander, Phys. Rev. B, 76, 165410 (2007) 
"Nanorice: A Hybrid Plasmonic Nanostructure", H. Wang, D. Brandl, F. Le, P. Nord-
lander, and N. Halas, Nano Letters, 6(4), 827-832 (2006) 
"Plasmonic Substrates for Surface Enhanced Spectroscopies", F. Le, F. Hao, and P. 
Nordlander, SPIE Proceedings, 6324, 63240P (2006) 
"Plasmon Hybridization in Complex Metallic Nanostructures", P. Nordlander, F. Le, 
and Y. Wu, SPIE Proceedings, 5927, 59270W (2006) 
"Plasmonic Structure and Electromagnetic Field Enhancements in the Metallic Nanoparticle-
Film System", P. Nordlander, and F. Le, Appl. Phys. B, 84, 35-41 (2006) 
"Plasmons in the Metallic Nanoparticle-Film System as a Tunable Impurity Prob-
lem", F. Le, N. Z. Lwin, J. M. Steel, M. Kail, N. Halas, and P. Nordlander, Nano 
Letters, 5(10), 2009-2013 (2005) 
This thesis is organized as follows. In Chapter 2 we study the nanosphere / 
metallic film system for different film thicknesses and we focus on analyzing the 
Virtual State (VS). In Chapter 3 we study the tunability in the nanoshell / film 
system by modulating the aspect ratio of the nanoshell. In Chapter 4 we study the 
optical properties of 2D hep array of nanoshells. In Chapter 5 we apply MUC FDTD 
in simulating the extinction spectra and dispersion relations of periodic nanoparticle 
arrays under various incident angles. In Chapter 6 we present the main conclusions 
of the thesis. 
Chapter 2 
Nanosphere and Metallic Film 
2.1 Introduction 
In recent years several compelling analogs of quantum systems have been con-
structed and studied where light takes the place of electrons. Simple periodic elec-
tromagnetic lattices, known as photonic crystals, support complex band structures 
directly analogous to the electronic bands in crystalline solids. [59] Electrons and pho-
tons undergo strikingly similar behavior in disordered geometries, where properties of 
diffusion are modified and a transition from a delocalized to a localized state may be 
induced. [60, 61] This transition from delocalized to localized behavior has also been 
seen in 2D surface electromagnetic waves, known as plasmons.[8] Recently we have 
reported that the plasmon resonances in localized metallic nanostructures may be un-
derstood as electromagnetic analogs of simple atoms and molecules, where their res-
onances mix and hybridize in a rigorous analogy with molecular orbital theory. [2, 62] 
2.2 Theory 
For metallic nanostructures, the nearby presence of a conducting plane induces 
frequency shifts in their plasmon resonances, just as it would for simple atoms and 
molecules,[63, 64] and can affect the already strong coupling between directly adja-
cent metallic nanoparticles. [65] Here we examine the interaction between the discrete, 
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localized plasmon of a metallic nanosphere and the continuum of delocalized surface 
plasmons of a directly adjacent metallic film of finite thickness (Fig. 2.1). Using plas-
mon hybridization, we show that this geometry is in fact the electromagnetic analog 
of the standard impurity problem, i.e. the spinless Anderson-Fano model. [66, 67, 68] 
The standard impurity problem is ubiquitous in condensed matter physics, underlying 
such important phenomena as chemisorption,[69] charge transfer at surfaces, [70, 71] 
and the device operation of single electron transistors. [72] Unlike the numerous groups 
that have studied this problem in the past, focusing primarily on how the particle-
substrate separation Z controls the interaction,[73, 74, 75, 76, 77, 78, 79, 80] we 
show that there are important fundamental aspects of this interaction controlled by 
varying the film thickness T. For a metallic film of finite thickness, the plasmon 
density of states and its effective interaction with the discrete nanoparticle plasmons 
is a thickness-dependent continuous function of energy ranging from zero to the bulk 
plasmon energy. 
In the plasmon hybridization method, the plasmons of the interacting system are 
expressed in terms of primitive plasmons associated with the elementary surfaces of 
the system. [2, 42] The primitive plasmons of each nanostructure can be viewed as 
incompressible deformations of the electron gas of the particle on top of a uniform, 
rigid background of positive charge. The present study concerns small nanospheres 
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Figure 2.1 Schematic (a) depicting the geometrical parameters of the interacting 
nanoparticle and film. The interaction is controlled by varying the film thickness, T. R is 
the nanoparticle radius and Z is the distance between the center of the nanoparticle and the 
surface of the film. Electron micrograph of a representative experimental sample (b) of a 
thin Au film on which Au nanoparticles have been dispersed. The film was grown in vacuum 
by e-beam evaporation onto glass substrates following the deposition of a 1.5 nm Ti adhe-
sion layer. Film thicknesses were established in situ using a calibrated thickness monitor 
and checked using ellipsometry. A spacer layer was formed by depositing polyvinylpyridine 
(PVP) from a 1% solution in ethanol for 8 hours. The resulting PVP layer was measured by 
ellipsometry to be 3.5 0.5 nm, a measurement which may also have had contributions from 
thickness variations in both the film and the underlying glass substrate. Au nanoparticles 
of 25 nm and 50 nm dimensions from British Biocell International with a monodispersity 
of 8% were dispersed on the films. 
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the instantaneous Coulomb potential.For a nanoparticle close to the surface, ZQ « R 
and the dominant interaction ranges from km^ = (/ + \)/R for a thin film to kmax = 
l/R for a thick film. Thus the interaction is mediated by surface plasmon of wave 
vectors larger than l / R and retardation effects in the nanoparticle/film problem can 
be neglected for small nanospheres. We also neglect non-Drude contributions to the 
damping of the plasmons. 
In the following, we assume a uniform conduction electron density UQ in the 
nanosphere and the film. This electron density correspond to a bulk plasmon en-
ergy UB = y4™"62 • ^n * n e P r e s e n t calculations we will use cjB=4.6eV. The effect of 
a background polarizability of the metal is a screening of the surface charges associ-
ated with the surface plasmons. This effect can be modeled using a lower conduction 
electron density. In the application to metallic structures of gold, we therefore use 
an effective bulk plasmon frequency of 4.6 eV which corresponds to the experimental 
value of 2.6eV for the dipolar sphere plasmon in vacuum. 
The incompressible electron liquid deformations can be expressed in terms of a 
scalar potential 77 which in the case of a solid nanosphere outside a thin film takes 
the form: 
(2.1) 
where T is the film thickness and R is the radius of the sphere. The integrals are over 
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the two-dimensional angular momenta of the surface plasmons and the summation is 
over the multipolar components of the primitive sphere plasmons. The coordinates 
of the primitive film plasmons are expressed in cylindrical coordinates with an origin 
centered on the film surface closest to the nanosphere, on the surface normal through 
center of the nanosphere. p = (p, (ft) denotes the lateral position along the surface 
and z is the coordinate perpendicular to the surface. For the sphere plasmons we use 
spherical coordinates with a polar axis oriented away from the surface. The quantities 
P% and Q% are the amplitudes of the primitive plasmons associated with the surfaces 
of the film and Sim are the amplitudes for the primitive sphere plasmons. Using the 
above expression for rj, the kinetic and potential energy of the primitive plasmons can 
be expressed in terms of the amplitudes P^, Q% and S'/TO.[42] 
The Lagrangian for the film can be written in a diagonal form by introducing 
bonding and antibonding combinations of P and Q, M%± = ^{P% ± Q%) which 
can be shown to correspond to the plasmonic states of a thin film with energies 
uk± = v§\A Texp[—kT\. In this representation the Lagrangian for the film takes 
the form 
i/Um = ^ZjjSf^ - ^WL - <4Mf(] (2.2) 
The surface plasmons of the film form a continuous band, ranging from zero energy 
up to the bulk plasmon frequency of the metal. The plasmonic density of states is 
peaked around the surface plasmon energy ujsp = L)B/V2. The plasmonic density of 
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states depends strongly on film thickness. For infinite thickness, the film plasmons 
have no dispersion and the plasmonic density of states is a delta function centered 
on the surface plasmon energy ujsp. For decreasing film thickness, the density of 
states broadens. The modes M^± represent the linearly independent non interacting 
plasmons of a thin film. In the presence of the sphere, they no longer represent the 
stationary states of the system. 
Making use of the azimuthal symmetry of the problem and introducing Fourier 
transforms of the film plasmon amplitudes as in Ref. [81] the Lagrangian of the 
combined system can be written L = £TO Lm, where 
+ J2 /dMMf(fc,m)-u^Mf(fc,m)]-££ I'dkSlnMi(ktm)VI?(Z0$.3) 
i=±J I i=±J 
where the interaction term can be evaluated analytically and has the form: 
V£(Z) = v ^ r v ^ v A - e-ttre-*^ 2+ x ^ ^ , (2.4) 
This Lagrangian describes localized plasmons interacting with a continuum. With 
the substitution u>2 for energy, the secular equation resulting from the Euler-Lagrange 
equation is equivalent to the determinant obtained when diagonalizing the spinless 
Anderson model. The primitive plasmon amplitudes Sim and M±(k,m) correspond 
to the field operators for the discrete and continuum states, and the function V^{ZQ) 
corresponds to the hopping matrix element in the Anderson model. Since the model 
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is quadratic, there are no effects of statistics. The interaction V^ is a continuous 
function of k. 
The parameter determining the interaction between the localized sphere plasmons 
and the film plasmons is p(uj)V?(u)) where p is the plasmonic density of states of the 
film and Vi{u>) is the interaction term Eq. (A.20). We will refer to pV2 as the effective 
continuum of the film. The effective continuum consists of a lower branch derived 
from the M+ film plasmon modes and an upper branch derivied from the M_ plasmon 
modes. Since the energies of the lower continuum are closer to the discrete sphere 
plasmons, it is this band that will mediate most of the interaction. In the discussion 
that follows, we refer strictly to the lower band although the upper band is included 
in all calculations. 
2.3 Results 
2.3.1 Plasmon Hybridization 
The interaction regimes between the discrete plasmon level of the nanoparticle and 
the continuum of surface plasmon states of the metallic film are shown schematically 
in Fig. 2.2. Here three distinct regimes of interaction are depicted. As in the quantum 
impurity models, the interaction can result both in virtual resonances at energies in 
the continuum and in localized states at energies outside the continuum, i.e., above 
or below the band, depending on the continuum parameters. In the thick film case 
(T > 2ZQ), illustrated in Fig. 2.2(a)(left), the effective film continuum lies above 
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Figure 2.2 The three interaction regimes (a,b,c) for a plasmonic nanoparticle and the 
surface plasmons of a thin metallic film. For each case, the left panel illustrates the ener-
getics of the interaction regime, while the right panel shows the corresponding calculated 
dipolar optical absorption spectra for the (m = 0) excitation, for various film thicknesses 
corresponding to this regime. The plasmonic density of states p{u) is illustrated in light 
blue, the effective continuum of the film pV2 is illustrated in dark blue and the resulting 
hybridized plasmons are shown in black, (a) left panel: the regime corresponding to the 
thick film limit, where the effective continuum of the film pV2 lies at higher energies than 
the discrete nanoparticle plasmon. (a) right panel: the spectrum for thick films (T > 2ZQ) 
T=400 (solid), 200 (dashed) and 100 nm (dotted).(b) left panel: the energetics of the inter-
mediate regime, where the nanoparticle plasmon is resonant with the effective continuum 
pV2 of the film, (b) right panel: we show the spectra for films of intermediate thickness 
(T « ZQ) , T=25 (solid), 20 (dashed), 16nm (dotted), (c) left panel: the regime of the 
thin film limit, where the effective continuum of film plasmons pV2 lies at lower energies 
than the nanoparticle plasmon. (c) right panel: the corresponding spectra for thin films 
(T < Z0/2), T=12 (solid), 8 (dashed), and 4 nm(dotted). The parameters are i?=25nm, 
Zo=29nm, and a>B=4.6eV. 
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the nanosphere plasmon energy. In this case, the effective continuum is extremely 
narrow and the surface plasmon density of states is highly degenerate. Hybridization 
between the localized sphere plasmons and the sharp distribution of surface plasmons 
around usp results in strong, low-energy bonding and higher energy anti-bonding 
states. This is qualitatively similar to the hybridization of a nanosphere outside a 
semi-infinite surface.[81] For intermediate film thicknesses (T « Z0), the nanosphere 
plasmon energies lie within the effective surface plasmon continuum (Fig. 2.2(b), 
left). In this case, the interaction results in a broadening of the discrete nanoparticle 
plasmons. In the thin film regime (T < ZQ/2), the effective film continuum lies at 
lower energies than the discrete plasmons of the nanosphere (Fig. 2.2(c), left). The 
high energy hybridized plasmon is a localized state above the continuum and remains 
narrow. It is composed primarily of the discrete localized plasmon resonances but 
weakly blueshifted due to the interaction with the continuum. The broad low energy 
feature in the continuum is a virtual resonance in the continuum. It is composed 
primarily of film plasmons and can be viewed as an incomplete image-like response of 
the film to the oscillating nanoparticle plasmon. The energy and shape of the virtual 
state follows the effective interaction pV2 with the continuum states. These thin film 
features contrast markedly with the case of a nanoparticle interacting with a semi-
infinite metal, where the plasmon density of states is essentially a delta function at 
the surface plasmon resonance energy and the hybridization results from image-like 
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interactions between the nanoparticle and the metal. Furthermore, we can anticipate 
from this interaction that the energy of this broad low energy plasmon would be 
strongly controlled by film thickness, and that as the film thickness is reduced, further 
downshifting the effective continuum of the film plasmons, the virtual state would 
concurrently shift to lower energies. 
In the right panels of Fig. 2.2, we show the calculated dipolar optical absorption 
spectra for perpendicular (m = 0) polarization of the incident wave for different film 
thickness T. The dipolar optical absorption is equivalent to the spectral function of 
the discrete 1=1 state in the impurity problem. The upper panel (Fig. 2.2(a), right) 
shows the optical absorption for thick films. The shapes of the curves are qualita-
tively similar to those of a nanosphere outside a semi-infinite surface. [81] The highly 
degenerate film plasmons at ujsp mediate an efficient hybridization of the nanosphere 
plasmons, resulting in several dipole active modes. The three pronounced absorption 
peaks at 2, 2.5, and 2.8 eV correspond to hybridized states derived from the I = 1,2,3 
sphere plasmons. For the thickest film, the half widths of the plasmon resonances is 
equal to the damping used when calculating the optical response function, i.e. 0.1 eV. 
As the film thickness is reduced, the widths of the plasmon resonances are increased 
slightly. The broadening is strongest for the I = 3 resonance. This broadening is 
caused by the increased interaction with the effective film continuum as illustrated 
in Fig. 2.2(a), (left). The width of the I = 2 and I = 3 resonances are more strongly 
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influenced by T than the I = 1 resonance because they overlap more strongly with 
the continuum. 
The middle panel (Fig. 2.2(b), right) shows the optical absorption for intermediate 
film thicknesses. In this regime the discrete sphere plasmons lie inside the continuum, 
and the interaction results in broadened plasmon resonances. The hybridization of 
the sphere plasmons is reduced due to the decrease in plasmonic density of states at 
ui = u>sp. This reduction in hybridization reduces the dipole moment of the I = 2 and 
I = 3 modes and hence their effective cross section for optical absorption. 
The lower panel (Fig. 2.2(c), right) shows the optical absorption in the thin film 
regime, for a nanosphere on a film with thickness smaller than Zo/2. Here the optical 
spectra are characterized by two features: a sharp localized state above the continuum 
and a broad low energy virtual state in the continuum. As the film thickness is further 
decreased, the effective band pV2 shifts to lower energies resulting in a redshift of 
the low energy virtual state. The localized state above the continuum is essentially 
composed of the I = 1 sphere plasmon. This resonance remains slightly above the 
energy I = 1 sphere plasmon and only exhibit a weak redshift with decreasing film 
thickness. The virtual state in the continuum is predominantly composed of thin 
film plasmons and can be viewed physically as an incomplete image response to the 
nanosphere dipolar plasmon oscillation. 
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Energy (eV) 
Figure 2.3 UV-Vis extinction spectra of Au nanoparticles with radius of 50nm deposited 
over conducting film of 4nm thickness with a 3.5±0.5nm spacer layer. Spectra are taken 
using p-polarized light at different incident angles using a Cary 5000 Spectrometer. 
2.3.2 Experimental Measurements 
Experimentally, the thin film regime is the regime that can be probed most 
straightforwardly by performing optical transmission measurements on thin film-
nanoparticle samples (Fig. 2.1b). The samples were constructed such that the in-
terparticle spacing was much larger than the nanoparticle diameters, to ensure that 
interparticle coupling effects would be negligible. Optical transmission spectra of the 
nanoparticle-thin film system are shown in Fig. 2.3. The spectral features we observe 
here are qualitatively similar to those previously reported by Okamoto et al. [75] Since 
the hybridization is polarization dependent, we examine the plasmon response as a 
function of angle for p-polarized light. This allows us to excite the m = ± 1 coupling 
case (plasmons oscillating parallel to the film) for light of normal incidence, and the 
m = 0 case (plasmons oriented perpendicular to the film surface) as we approach 
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90 degree excitation (maximum angle 80 degrees). Here the two plasmon resonances 
are clearly observed. The high energy resonance corresponding to the localized state 
above the continuum remains very much unmodified relative to the plasmon reso-
nance one would expect for an isolated Au nanoparticle.[82] The low energy feature 
around 0.9 eV is the virtual state in the continuum. The spectra are in qualitative 
agreement with theory (Fig. 2.2). The decreased amplitude of the higher energy peak 
in the experimental spectra results from damping caused by interband transitions in 
Au, not accounted for in the present theory. 
As the incident angle is increased, both m = 0 and m = 1 plasmons are excited 
and the resulting spectrum is an angle-dependent superposition of the response for 
the two polarizations. The spectral weight of the low energy feature increases with 
increasing incident angle. This is in agreement with our theoretical predictions which 
show that the intensity of the virtual state is stronger for the m = 0 case than for the 
m = 1 case. The weak redshift of the virtual state with increasing angle is caused by 
the anisotropy of the sphere-film interaction: the virtual state for m = 0 has lower 
energy than for m = 1. 
The virtual state can be tuned to lower energies by decreasing the film thickness, 
which lowers the energies of the effective film plasmon continuum. We see this very 
clearly in our experimental measurements. In Fig. 2.4a, four spectra for the thin film 
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Figure 2.4 (a) Extinction spectra of Au nanoparticles with radius of 50nm deposited 
over conducting film with thickness (i) 4nm; (ii) 8nm; (iii) 12nm; (iv) 16nm. (B) Energy of 
the virtual plasmon state as a function of film thickness for Au nanospheres deposited on top 
of Au films. The blue curves refer to nanospheres of radius R=25nm and the red curves are 
for R=50nm. The symbols are the experimentally observed energies for extinction maximum 
of the virtual state. The continuous lines are the results from the plasmon hybridization 
method using an effective bulk plasmon energy of 4.6eV. The dotted lines are for Z-R=5nm, 
the dashed are for Z-R=4nm and the solid line is for Z-R=3nm. 
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probed. These four spectra show the progression of the virtual state as a function of 
film thickness. In these data we see both a strong downshift of the virtual state as the 
film thickness is reduced, and that the higher energy, localized plasmon is essentially 
unperturbed. In Fig. 2.4b, we show that the energy of the virtual state redshifts 
with decreasing film thickness for nanospheres of radii 25 and 50nm. This trend is 
modeled quite well for the sample geometry using an effective bulk plasmon of 4.6eV, 
corresponding to a plasmon resonance for the isolated nanosphere of 2.6eV. Although 
the dielectric function of the spacer layer is neglected in this simple modeling, the 
energy downshift of this feature is followed quite well by this approach. The effects 
of dielectric screening on this calculation are yet to be fully examined. 
2.4 Summary and Discussions 
In summary, we have shown that the plasmonic properties of the nanoparti-
cle/metallic film problem can be described as a classical impurity problem, i.e. the 
spinless Anderson model. We show that the nature of the interaction is essentially 
controlled by film thickness. In the thin film limit the interaction results in localized 
plasmon levels with essentially the same plasmon energies as an individual nanosphere 
and a low energy broad virtual resonance consisting of film plasmons. The analogy 
with the classical impurity model may provide further insight and understanding of 
the plasmonic properties of film structures such as tip-film junctions in scanning probe 
microscopies, and nanoparticle and nanometric hole arrays in films. 
Chapter 3 
Nanoshell and Metallic Film 
3.1 Introduction 
The optical properties of macroscopic and mesoscopic metallic structures are of 
considerable importance in both fundamental and applied science. [7, 83, 84] Applica-
tions such as chemical and biosensing, for example, are beginning to exploit surface 
enhanced Raman spectroscopy (SERS), where the excitations of nanoparticle plas-
mons in a nanostructure-based substrate can provide large enhancements of the local 
electromagnetic field and drastically increase the Raman cross section of adsorbed 
molecules. [12, 13, 14, 15, 16, 17, 19] Other applications include the development of 
ultrasmall waveguides depending upon subwavelength plasmonic structures, as po-
tential optical interconnects in computer chips. [33, 34, 35, 85, 86, 87] 
The energies of the plasmon resonances of nanoparticles depend sensitively on 
their composition and shape. [5, 88, 89, 10, 90, 11, 91, 92, 93] In nanoparticle ag-
gregates such as dimers, the plasmon resonances depend strongly on interparticle 
separations. [94, 95, 96, 97, 54, 98, 99] For nanoparticles near semi-infinite metallic sur-
faces, the plasmon resonances have been shown to depend strongly on nanoparticle-
surface separation. [73, 100, 78, 101, 81] The plasmon resonances have been found 
to depend strongly on interparticle separations in nanoparticle arrays of various 
dimensionalities.[102, 65, 103, 104, 105] 
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In the previous chapter we showed that the metallic nanosphere/film system rep-
resents a highly tunable plasmonic nanostructure, where the plasmon energies can 
depend sensitively on the ratio of nanoparticle radius to the thickness of the film. We 
showed that the plasmonic interactions in the system are described by a model anal-
ogous to the standard impurity models such as the spinless Anderson-Fano Model. 
The discrete and localized nanoparticle plasmons interact with the continuum of de-
localized film plasmons, an interaction that can result in localized states, resonances 
and virtual states (VS) in the continuum. These concepts were originally introduced 
to describe the nature of the electronic states resulting from the interaction of a dis-
crete impurity level with a continuum. [66] The VS is a state composed primarily of 
continuum states with only a small admixture of the discrete state, in contrast to the 
localized state, which is primarily composed of the discrete state. Both the localized 
and VS were identified experimentally, and the tunability of the VS was observed in 
a series of systematic experiments, where metallic nanospheres were deposited, along 
with a constant-thickness spacer layer, onto metallic films of decreasing thickness. 
In a subsequent paper, the Finite Difference Time Domain (FDTD) methods were 
used to study the electromagnetic properties of the VS. It was shown that the VS is 
characterized by a strong coupling between the nanosphere and the film, with large 
field enhancements induced in the junction between the nanosphere and the nearest 
film surface. 
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In this chapter, we generalize our method to include the effects of dielectric back-
grounds and a realistic description of the metals and apply our method to a metallic 
nanoshell outside a thin metallic film. In contrast to a solid nanosphere, the nanoshell 
is in itself a highly tunable metallic nanoparticle consisting of a thin metallic shell 
around a spherical dielectric core. [5] The discrete plasmon resonances of a nanoshell 
depend strongly on its aspect ratio x, the ratio of inner shell radius a to outer shell ra-
dius b, and can be tuned across the visible and infrared region of the spectrum. Thus 
the nanoshell/film system can exhibit a higher tunability than that of the nanosphere 
on a film. For a low aspect ratio nanoshell where the discrete nanoshell plasmon res-
onances lie above the effective film continuum (the regime inside the film plasmonic 
band that strongly interacts with the nanoparticle) we find a localized plasmon res-
onance above the continuum and a broad VS in the continuum. For a nanoshell of 
intermediate aspect ratio, where the discrete nanoshell resonances lie within the film 
continuum, the finite probability of plasmon hopping into the film results in a broad-
ening of the plasmon resonances. For a nanoshell of large aspect ratio, the virtual 
state is further tuned into the low energy part of the film plasmon continuum. Our cal-
culated optical spectra compare well with experimental measurements. Using FDTD 
we investigate the electric field enhancements induced by excitations of the plasmon 
modes and show that these enhancements can be very large. Our study shows that 
the nanoshell/thin film system exhibits greater tunability and larger electromagnetic 
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field enhancements than the nanosphere/film system. 
3.2 Theory 
The physical situation being modeled is that of the discrete plasmons of a fi-
nite metallic nanoshell interacting with a continuum of delocalized surface plasmons 
of a directly adjacent metallic film of finite thickness. In the PH method, [42, 106] 
the plasmons are modeled as incompressible deformations of the electron gas of the 
particle on top of a uniform, rigid background of positive charge. The kinetic en-
ergy of the time-dependent deformations is balanced by a force resulting from the 
potential energy of the spill-out charges at the surfaces of the nanostructure. The 
potential energy is calculated using the instantaneous Coulomb potential. Since the 
method is nonretarded, it applies rigorously only to nanostructures of dimensions 
much smaller than the wavelength of incident light. This condition is satisfied in 
the present problem because the interactions between the film and nanoparticle are 
mediated by nonretarded film plasmons of wavelengths comparable to the size of the 
nanoparticle. [81] 
To describe the plasmons of the interacting system, the charge deformations are 
expanded in a complete set of primitive plasmons associated with the elementary 
surfaces of the system. [42] The primitive plasmons interact and hybridize with each 
other, forming bonding and antibonding plasmons in direct analogy with molecular 
orbital theory. The method provides an intuitive understanding of how the geometri-
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cal and structural properties of a nanostructure influence its plasmon resonances, and 
agrees very well with simulations performed using computational approaches such as 
the fully retarded FDTD method. [106] 
In the following, we assume a uniform conduction electron density ns in the 
nanoshell and UF in the film. These densities will enter the formalism in terms of the 
corresponding bulk plasmon energies U>B,S = JA^e2ns/me and U>B,F = j47re2nF/me. 
The inner radius of the nanoshell has a radius a and the outer radius is b. The aspect 
ratio of the nanoshell is x = a/b. The film is assumed to have a thickness T and 
the separation between the center of the nanoshell and the upper surface of the film 
is denoted ZQ. The width of the junction between the nanoshell and the upper film 
surface is H — Z0 — b. These geometric variables are sketched in Figure 3.1. We will 
also include the effect of dielectric backgrounds, such as the dielectric background per-
mittivity of the metals, CM, representing the polarizability of the metallic ions. The 
resulting dielectric function of the metal has a Drude form e(u>) = ey^(a;) — UJ%/U}2. 
When the optical absorption of the structure is calculated, we add a damping term 
iS(u>) to the frequency. This damping describes the energy dissipation in the system 
and results in a complex dielectric function of the form e{u) = £M(w)-Wg/(o;+i(5(w))2. 
The real parameters CM(W) and 5(cu) can be fit straightforwardly to measured real 
and imaginary parts of the dielectric function of Au[107] to provide an accurate de-
scription of the dielectric properties of Au over all frequencies of interest. The specific 
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dielectric backgrounds that will be included are illustrated in Fig. 3.1. 
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Figure 3.1 The geometry of the nanoshell-film system. Geometric variables a, b, T and 
Zo represent the inner and outer radii of the nanoshell, the metallic film thickness and the 
shell-film separation respectively. C/m, Sim, P% and Qg are the amphtudes of the primitive 
nanoshell cavity, sphere plasmons and the film plasmons on both sides, ec, £s, ci, 2^ and ep 
are the background dielectric constants of the nanoshell core, the nanoshell metallic layer, 
the embedding media above and below the film and the metallic film respectively. The 
effects of varying the dielectric background constants are investigated in Figure 3.4. 
The deformation field associated with the plasmons can be obtained from a scalar 
potential 77, [42] which for the present system takes the form, 
—* —* 
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(3.1) 
The radial coordinate r is defined in a spherical coordinate system centered on the 
nanoshell and with a polar axis oriented perpendicularly to the upper film surface. 
The quantities Y/m are the spherical harmonics. P% and Q% are the amplitudes of 
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the primitive film surface plasmons associated with the surfaces closest and furthest 
from the nanoshell. The quantities Sim and C/m are the amplitudes for the primitive 
sphere and cavity plasmons of the nanoshell. The first two integrals are over the 2D 
wave vectors describing the primitive film plasmons and the two summations are over 
the discrete multipolar plasmonic levels of the nanoshell. 
In Appendix (Derivation of the Lagrangian) it is shown how one can exploit the 
cylindrical symmetry of the problem and transform the primitive plasmon basis into 
a more convenient form. The resulting Lagrangian is diagonal in azimuthal index m 
and can be written, 
+ E /dk[M]{k,m) - uKTWjik, m)] 
j=±J 
- E E [dkN^MjilcmMT^T). 
i i=±j=±J 
(3.2) 
In this expression, Nim>± represent the tunable discrete bonding (-) and antibonding 
(+) plasmon modes of an isolated nanoshell of aspect ratio x with energies wi,±(x) 
given by Eq. (A.l). The amplitudes M±(k, m) describe the continuum of bonding 
(-) and antibonding (+) plasmons of an isolated metallic film with energies u}k,±(T) 
given by Eq. (A.8). With the present use of cylindrical symmetry, plasmons polarized 
perpendicularly to the surface are described by m = 0 and plasmons polarized parallel 
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to the surface correspond to m = ± 1 . 
This Lagrangian represents a classical impurity problem, i.e., the interaction be-
tween discrete localized states with a continuum of delocalized states. The interaction 
^JMj(^o) corresponds to the hopping element. The parameter describing the nature 
of the interaction is the effective continuum pV?(uj) where p is the density of states 
of the bare film plasmon continuum and a; is the energy (frequency). Our previous 
study showed that the spectral structure of the VS is similar to that of the effective 
continuum. In chemical terms, the VS can be viewed as a "bonding" many-particle 
state resulting from the interaction of a finite continuum with a higher energy discrete 
state. In physical terms, it can be described as an incomplete image response to an 
oscillating dipole. In the present chapter we will investigate thin metallic films where 
the effective continuum forms a broad band in the low energy region of the film plas-
mon density of states. In our discussion we will focus on the dipolar I = 1 couplings 
although higher multipolar couplings are present and induce a hybridization of the 
primitive nanoshell plasmon modes. 
Since the plasmon energies of a nanoshell are dependent on its aspect ratio x, we 
can tune the discrete nanoshell plasmons to arbitrary positions within the effective 
continuum. In Figure 3.2, we illustrate schematically how the interaction changes 
as the aspect ratio of the nanoshell is increased. The light blue areas to the left 
show the plasmonic density of states of the individual film, and the dark blue areas 
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denote the lower-energy band of the effective continuum p(o;)Vr^1(a;), representing 
the film plasmons that couple strongly to the discrete, dipolar "bonding" plasmon of 
the nanoshell. The effective continuum is peaked an energy around Wk=3/2R,-(T), and 
extends continuously down to zero energy. The higher-energy branch of the effective 
continuum only interacts weakly with the bonding plasmons of the nanoshell and 
is therefore not highlighted in the figure. On the right, we show the location of the 
discrete dipolar plasmon energies of the nanoshell. Panel (a) shows the interaction for 
a thick nanoshell. The nanoshell plasmon lies above the effective continuum (as in the 
case of a nanosphere outside a thin film). The interaction results in a localized state 
above the continuum and a VS in the continuum. Panel (b) shows the interaction for 
a nanoshell of intermediate aspect ratio. Here the energy of the discrete nanoshell 
plasmon falls within the effective continuum and becomes a broadened resonance. 
In panel (c) we show the interaction for a thin nanoshell where the VS gets pushed 
further to lower energies. 
We discretize the continuum and introduce a vector notation which is described in 
Appendix (Discretization and Vector notation). The Lagrangian can be represented 
in a quadratic form 
Lm = ^rfxjc _ ±XTVXX, (3.3) 
where X is a vector representing the primitive plasmon amplitudes and Tx and Vx 
are matrices representing the kinetic and potential energy of the primitive plasmon 
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Figure 3.2 (Color online) Schematic illustration of the nanoshell-metallic film inter-
action as the aspect ratio (x = a/6) of the nanoshell increases (a-c). The light blue area 
to the left represents the plasmonic density of states of the film p(u}). The dark blue area 
represents the effective continuum pV^_l(u}). The right part illustrates the geometry and 
energy of the discrete nanoshell plasmon. The black curves depict the absorption spectrum 
resulting from the plasmonic interaction between the nanoshell and the film. 
in the X basis. The superscript T denotes the transpose of a vector or matrix. In 
Appendix (Effects of dielectric background) we show how the effects of dielectric 
backgrounds can be included in the formalism. Background dielectrics have no effect 
on the kinetic energy of the primitive plasmons but modify the potential energy 
matrix Vx, Eq. (C.2). 
The application of the Euler-Lagrange equations results in a linear equation system 
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from which the plasmon energies of the interacting system are obtained as eigenvalues, 
u
2(fx + fZ)-(Vx + VZ) = 0. (3.4) 
3.3 Results 
This section contains three subsections. In the first subsection we present the 
results obtained from the PH approach. Then we focus on the aspect-ratio dependence 
of the nanoshell and show how it increases the tunability of the VS. We also investigate 
the effects of background dielectrics on the plasmonic structure of the system. In the 
second subsection we compare the PH results with results from FDTD simulations. 
We also present an investigation of the local electromagnetic field enhancements in 
the junction between the nanoshell and the film. In these two theory subsections 
we use smaller nanoshells of varying inner radii but with a fixed outer radius of 
6=50 nm. We use a small nanoshell to minimize the computational effort and to 
enable a more direct comparison between PH and FDTD. In the third subsection, we 
present the experimentally measured extinction spectra of the system and compare 
with theoretical calculations. The gold nanoshell studied and modeled here has an 
inner radius of a=60 nm and an outer radius of 6=70 nm. 
3.3.1 Plasmon hybridization 
In Figure 3.3, we show the optical absorption spectra calculated for perpendicular 
polarization (m = 0) for the systems that correspond to the situations depicted in 
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Figure 3.2. We only consider optical absorption by the nanoshell and neglect opti-
cal absorption in the film. This figure illustrates the shift to lower energies of the 
discrete nanoshell plasmon with increasing aspect ratio x = a/b. In each panel, the 
solid curve is the spectrum of the nanoshell-film system and the dashed line is for 
the individual nanoshell only. The spectra in the top panel are dominated by the 
localized state around 2.4 eV. A broad VS is observed on the low energy side of 
the localized state. The small shoulder around 2.5 eV is the antibonding dipolar 
nanoshell plasmon, which is strongly damped and broadened due to inter band transi-
tions. For small aspect ratios, the splitting of the bonding and antibonding nanoshell 
plasmons is very small. [42] The middle panel shows a situation where the discrete 
bonding nanoshell resonance is shifted into resonance with the effective continuum. 
The result is a formation of a resonance which is broadened relative to the discrete 
nanoshell resonance. The antibonding resonance remains as a broad shoulder around 
2.5 eV. In the lower panel where the discrete nanoshell state is shifted further down 
into the continuum, a VS appears at even lower energy and the intensity of the VS 
gets significantly stronger than the localized state. The reversal of the relative inten-
sities of the localized peak at higher energy and the VS at lower energy from panel 
(b) to panel (c) does not mean a higher admixture of the discrete state into the VS. 
A careful analysis of the eigenvectors of the lowest-energy peak shows that the film 
states still dominate the mode, and thus it remains a VS. (Further evidence for this 
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will be presented in Fig. 3.5(c) where the electromagnetic field enhancements for the 
low energy peak display the strong coupling between particle and film which is char-
acteristic of a VS.) For a thinner film, the VS would be shifted to lower energies. The 
figure clearly demonstrates the additional tunability that is introduced by absorbing 
a nanoshell rather than a nanosphere on the film. 
In Figure 3.4, we investigate the effect of dielectric backgrounds on the absorption 
spectrum of the nanoshell/film system. Panel (a) shows the spectra for an Au film 
in vacuum. A VS appears around 1.5 eV and the localized state around 2.2 eV. 
The antibonding peak is strongly damped due to interband transitions and appears 
as a small shoulder around 2.5 eV. Panel (b) shows the effect when e2 = 5 while 
ei = 1. The spectrum is similar to Panel (a), with a small redshift of the VS as 
well as the localized bonding state of the nanoshell, but the intensity of the VS is 
reduced. This is because ti redshifts the film continuum but does not influence the 
discrete nanoshell plasmon. The increased energy separation between the discrete 
state and the continuum reduces the magnitude of the interaction, resulting in less 
hybridization. Panel (c) shows the optical absorption when ei = 5 while 62 = 1. 
Both the VS and the localized bonding nanoshell plasmon redshift significantly. The 
antibonding nanoshell plasmon is not affected, since it is composed primarily of cavity 
plasmons which do not depend on the dielectric properties of the media outside the 
shell. The redshift of the VS is consistent with that of both the discrete bonding 
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nanoshell plasmon and the film plasmon continuum, redshifted by ex. The 1 = 2 
localized nanoshell state also appears at around 1.9 eV. Panel (d) shows the result 
when ei = e2 = 5. Compared with Panel (c) we find a slight redshift of both the 
localized and VS and a strong decrease in the intensity of the VS analogous to the 
decrease of the VS intensity observed between panels (a) and (b). The effects of 
the two background dielectrics ei or e2 can be summarized in the following manner: 
increasing e\ significantly redshifts both the localized and VS, whereas increasing e2 
only weakly redshifts the localized state but reduces the intensity of the VS. 
3.3.2 F in i te difference t ime domain s imulat ions 
To further visualize the local electromagnetic interaction in the nanoshell and 
metallic film system, we have numerically calculated the extinction spectra of a 
nanoshell on a thin slab using the fully retarded FDTD method,[43, 55, 54] Our 
current FDTD code does not allow us to simulate a finite nanoparticle interacting 
with an infinite film, so the system is modeled as a nanoparticle near a finite slab. For 
a finite slab, the plasmons do not form a continuum, but rather,they appear as stand-
ing waves with discrete frequencies. The resulting VS are therefore only sampled at 
the discrete slab plasmon energies resulting in a VS composed of discrete slab states 
rather than a smooth resonance structure containing film plasmons of all wavevectors 
within the effective continuum. The slab we use has sufficient lateral extent that the 
VS is sampled in sufficient detail. FDTD calculations cannot be performed efficiently 
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for an arbitrary description of dielectric function data. [43] For this reason in this sub-
section we use a Drude fit of the Au dielectric data, e(u;) = CM — U%/UJ(U) + i8) with 
eM = 9.5, UJB = 8.94 eV, and 5 = 0.05eV for both the FDTD and PH calculations. 
This parameterization provides an accurate fit of the dielectric data for Au bulk metal 
above 500 nm.[55, 54] 
In Figure 3.5 the extinction spectra from FDTD with the absorption spectra from 
PH are compared, for nanoshells of several different aspect ratios interacting with the 
slab. To avoid overestimating the electromagnetic field enhancements in the junction 
between the particle and the film we include a thin PVP spacer layer between the 
nanoparticle and the film in the FDTD simulations. Such a spacer layer would need 
to be included in any experimental realization of a nanoparticle-film junction (and 
is used in the experiments and simulations on a larger nanoshell in subsection IIIC). 
This spacer layer has no effect on the calculated extinction spectra. The size of the 
nanoshell is small (radius 50 nm), so that the extinction spectra (containing both 
absorption and scattering terms) should be mainly determined by absorption. [108] 
We observe that the strengths and distribution of the discrete VS peaks calculated 
by FDTD fit well within the broad resonance obtained from the PH calculation, indi-
cating good agreement between these two theoretical approaches. The slight redshift 
of the FDTD spectra is due to retardation effects. To the right are the electric local 
field enhancements calculated for the specific peak labeled by the arrow in the spec-
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tra. Enhancement is denned here as the absolute value of the electromagnetic field at 
a specific point divided by the absolute value of the incident field. For simplicity, we 
show the enhancement only for the lowest energy discrete peak in the VS. The calcu-
lated electric field enhancements are large and show that the VS represents a strong 
coupling between the nanoshell and the film. As the aspect ratio of the nanoshell 
increases, the electric field enhancement increases from 121 to 244. Compared to 
the field enhancement factors obtained previously for the nanosphere/film system, we 
find that the thin nanoshell and film interaction produces a VS of lower energy and 
larger local field enhancements. This shows that the nanoshell/film system is a more 
suitable substrate for surface enhanced spectroscopy studies than the nanosphere/film 
structure. 
The electric field enhancements for excitation of the m = 1 VS (not shown) are 
much smaller than for m = 0. The magnitude is similar to the enhancements of an 
individual nanoshell but the location is in the junction between the nanoshell and the 
film. 
3.3.3 Experimental measurements 
In this section, we show experimental results for the extinction spectra of the 
nanoshell/film system. The fabrication details are similar to those reported in our 
previous study of the nanosphere/film structure. In Figure 3.6 an SEM image of 
a representative sample is shown. This image shows that the number density of 
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nanoshells over the film is low. The majority of nanoshells scatter sparsely onto the 
film but many form aggregates and are therefore also sampled in the experiment. 
The theoretical calculations presented in this section refer to the highly idealized 
situation of an isolated nanoshell on a uniform thin film. We do not try to model 
local variations of film thickness, nonuniform nanoshell-film separations, or the effect 
of nanoshell-nanoshell interactions. Instead, we focus more on trends such as the 
effect of polarization, film thickness and dielectric overlayers rather than attempting 
a quantitative explanation of experimental data. The incident laser beam comes 
from beneath the film and the extinction spectra are determined by subtracting the 
transmitted light from the incident light. The incidence angle is defined as the angle 
between the wave vector of the incident light and the surface normal of the film. 
Extinction spectra for each sample were taken using p-polarized light with the 
incident angle varied from 0 to 80 degrees at 10 degree intervals. In Figure 3.7 the 
raw extinction spectra are shown for one of the samples of nanoshell/metallic film 
structures as a function of incident angle. The Au film thickness is 12 nm. An in-
cidence angle of zero degrees refers to light polarized parallel to the surface (normal 
incidence) that can interact with m — 1 plasmons. Varying the angle from normal 
incidence in TM, or p-polarization, the largest angle of incidence that can be achieved 
in the experiment is 80 degrees. This near grazing incidence angle results in light po-
larized 96% (sin2 80°) perpendicular and 4% (cos2 80°) parallel to the film. We refer 
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to this geometry as perpendicular polarization; it predominantly couples to m = 0 
plasmons although a small fraction of m = 1 modes are excited at this angle. At 
normal incidence (0°), the spectrum is characterized by two peaks, a peak at 1.8 eV 
and a broad shoulder around 1.3 eV. These features correspond to the localized state 
above the continuum and a m = 1 VS in the continuum, respectively. As the angle is 
increased, the intensity of the m = 1 VS decreases and a new feature appears around 
0.8 eV. This feature is the m = 0 VS. The energy of the localized state at 1.8 eV 
does not depend on polarization, since it is essentially composed of a pure "bonding" 
nanoshell dipolar plasmon. The discontinuity around 1.6 eV is an experimental arti-
fact caused by a change of spectrometer grating at 800 nm. (In the following spectra 
this discontinuity is removed by a linear interpolation procedure.) The nature of 
the weak feature around 0.65 eV which appears most clearly at normal incidence is 
unknown. Possible origins include a nanoshell dimer or aggregate resonance which 
for normal incidence would be redshifted to below 1 eV or a Fabry-Perot resonance 
generated by the glass substrate. 
In order to experimentally investigate the effect of the dielectric embedding medium 
surrounding the nanoshell (ei) on the extinction spectra, a thick layer (nominally 10 
microns) of polyvinylpyridine (PVP), fully embedding the layer of dispersed nanoshells, 
was spin-coated onto the substrates. In the following we will refer to the samples 
where PVP is present only as a spacer layer between the film and nanoshell, as air-
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ambient samples. 
In Figure 3.8 the extinction spectra for perpendicular polarization (m = 0) for 
air-ambient and PVP-coated samples are shown. Each measurement is performed for 
four different film thicknesses, T — 4,8,12,16 nm, respectively. For the air-ambient 
samples (panel a), the peak around 1.7 eV is the localized bonding nanoshell dipolar 
resonance, which is independent of film thickness. The VS shifts to lower energies 
from around 0.9 eV for T — 16 nm to nominally 0.7 eV for T = 4 nm. Panel 
(b) shows the effects of the PVP overcoating. Both the localized and the VS are 
redshifted compared to the air-ambient samples. The localized state appears at an 
energy around 1.5 eV, and the VS redshifts from around 0.75 eV for T = 16 nm to 
0.54 eV for T = 4 nm. The peak intensities in the PVP-coated samples are strongly 
suppressed relative to the air-ambient samples due to the dielectric screening. In the 
inset of Panel (b) we show a close-up of the low-energy part of the T — 4 nm curve 
where the VS appears as a shoulder around 0.54 eV. 
In Figure 3.9 we compare the energy of the VS determined from the experimental 
spectra with those obtained from PH as a function of film thicknesses for different 
surrounding media ei. The important trend of a decreasing energy of the VS with 
reduced film thickness is reproduced very well. The best fit is obtained for e\ = 4, 
which is larger than the experimental value of ei = 2.25 for bulk PVP. Possible 
reasons for the discrepancy may be local variations of the dielectric environment of 
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the nanostructures, or the neglect of retardation effects, which for the present system 
of a nanoshell of radius 70 nm can be as large as 0.15 eV (estimated from Mie Theory 
for a spherical nanoshell). 
In Figure 3.10 the energy of the m = 1 VS obtained from the measurements is 
compared to the results from the PH method. As for m = 0 polarization the energy 
of the VS state shifts to lower energies with decreasing film thickness. Interestingly, 
though the overall interaction energy for m = 1 polarization is weaker than that 
for m = 0 polarization, we find that the effect of over-coating with PVP is much 
larger than for m = 0 polarization. The reason is that the energy of the virtual 
state depends on the difference in energy between the discrete nanoshell state and 
the effective continuum. On the air-ambient sample for m — 0 polarization, the 
surface charges associated with the discrete nanoshell plasmon are located in the 
junction between the nanoparticle and the film and on top of the nanoshell. The PVP 
spacer layer thus both screens the nanoshell mode and the bare thin film plasmons. 
This screening results in a redshift of both the nanoshell mode and the effective film 
continuum which enables a more efficient interaction as discussed in Fig. 3.4. For 
m = 1 polarization, where the effective dipole lies parallel to the film, the effect of 
the PVP coating is different. On the air-ambient sample, only the film plasmons are 
screened, since the surface charges associated with the discrete nanoshell plasmon are 
located at a distance b from the spacer layer. The effect of PVP-coating is an efficient 
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screening and a redshifting of the discrete nanoshell plasmon mode. The redshift 
brings the mode closer to the effective film continuum resulting in a stronger redshift 
of the VS. 
3.4 Summary and Discussions 
In this chapter we have shown that the metallic nanoshell/film system represents 
a highly tunable plasmonic structure with strong resonances in the infrared region 
of the spectrum, accompanied by large local electric field enhancements. This easily 
fabricated geometry has properties that are of fundamental physical interest, as an 
experimental physics testbed where the parameters of the spinless Anderson model 
can be varied controllably. The "antenna-over-conducting-plane" paradigm for this 
system lends it naturally to a variety of applications in subwavelength plasmon op-
tics. This geometry provides a wavelength-specific method for the selective coupling 
of light to or from freely propagating light waves and surface plasmons, of likely im-
portance for plasmon-based devices. The large local fields in the particle-film junction 
provide an important model for tip-sample junctions in scanning microscopies such 
as NSOM, enabling the design of both tip and substrate for scanning tip-enhanced 
Raman spectroscopy, known as TERS. In our theoretical analysis of this system we 
have shown how the plasmon hybridization method can be extended to include elec-
trostatic screening from background dielectrics. We have shown that in the limit of 
a thin metallic film, the interaction between the discrete nanoshell plasmons and the 
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continuum of delocalized film plasmons can result in a low energy virtual state. The 
electromagnetic field enhancements induced by excitation of the virtual states are of 
a similar magnitude to those obtained in the junction of a nanoparticle dimer. The 
energy of the virtual state can be tuned by changing the aspect ratio of the nanoshell 
and/or by changing the thickness of the film. Further studies including the applica-
tion of periodic boundary FDTD for modeling a continuous film, and thus the VS, 
















Figure 3.3 Optical absorption spectra of the Au nanoshell-thin film system in geome-
tries corresponding to Figure 3.2. The solid lines are dipolar optical absorption as a function 
of frequency for a nanoshell of outer radius b = 50 nm and different inner radii a = 20 nm 
(panel a), a = 40 nm (panel b), and a = 45 nm (panel c). The center of the nanoshell 
is at a position ZQ = 53 nm outside a metallic film of thickness T = 12 nm. The gold 
metal is modeled using Johnson-Christy data,[107] and ec = 2.04 (S1O2), ei = 1 (air) and 
62 = 2.25 (glass). The dotted lines are the absorption spectra for the individual nanoshells. 
The peaks labeled "VS" are the virtual states. The peaks labeled "B" and "AB" are the 
discrete dipolar bonding and anti-bonding nanoshell peaks, respectively. The antibonding 
peaks are strongly damped and broadened due to interband transitions. 
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Figure 3.4 Effect of the background dielectric on the optical absorption of a nanoshell 
near a metallic film for perpendicular polarization TO = 0. The nanoshell has a — 40 nm, 
b — 50 nm and ZQ — 53 nm. The film thickness is T — 8 nm. Panel (a) shows the spectra 
for the film in vacuum. Panel (b) is the spectra for ei = 1 and €2 = 5. Panel (c) is for 
ei = 5 and £2 = 1- Panel (d) is for €1 = ti — 5. 
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Figure 3.5 (Color online) Extinction spectra (left panels) and local electric field en-
hancements (right panels) calculated by FDTD for the gold nanoshell/slab system for per-
pendicular polarization ra = 0. The slab has a thickness T = 8 nm and lateral dimensions 
300x300 nm. It is covered by a PVP spacer layer (e = 2.25) of thickness 3 nm and placed 
on a glass substrate (e2 = 2.25) of thickness 100 nm. The nanoshell has an outer radius 
b = 50 nm and a silica core (ec = 2.04). The inner radius a = 20 nm (a), a = 40 nm (b), 
and a = 45 nm (c). The dotted lines are the absorption spectra calculated using the PH 
method. The arrows indicate the energies for which the electric field enhancements were 
calculated. The maximum field enhancement factor in each structure is 120.8, 177.2 and 
244.3 for Panel (a), (b) and (c), respectively. 
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Figure 3.6 SEM image of a representative sample of a thin Au layer on which Au 
nanoshells have been dispersed. The Au film thickness is 4 nm and the nanoshell has 
a 60 nm radius core made from SiO^ and a shell thickness of 10 nm. The Au film is 
thermally evaporated onto a clean glass slide at base pressure of 10 - 6 torr. A thin Ti film 
with 1.5 nm thickness is used as an adhesion layer between gold film and glass substrate. 
A spacer layer of (3.5 ± 0.5) nm is formed by depositing polyvinylpyridine (PVP) from a 1 
percent ethanol solution for 8 hours. 
Energy (eV) 
Figure 3.7 (Color online) Experimental extinction spectra of the nanoshell/film system 
with film thickness of 12 nm. The Spectra are taken using p-polarized light at varying 
incident angles. 
49 
Figure 3.8 (Color online) Extinction spectra for perpendicular polarization m = 0 
measured for air-ambient (a) and PVP-coated samples (b). In each panel the measurement 
is performed for 4 different film thicknesses, T=4, 8, 12, 16 nm, respectively. The inset in 
Panel (b) is the magnified low-energy part of the T = 4 nm curve for identifying the VS. 
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Figure 3.9 (Color online) Comparison of experimentally obtained energies of the m = 0 
VS with the results from PH as a function of film thickness for different dielectric constants 
of the embedding medium t\. The curves are the theoretical calculations with t\ increasing 
from 1.0 to 5.0. The blue and red symbols are the experimental measurements for regular 
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Figure 3.10 (Color online) Comparison of experimentally obtained energies of the m = 
1 VS with the results from PH as a function of film thickness for different dielectric constants 
of the embedding medium ei. The lines an the symbols refer to the same structures as in 
Figure 3.9. 
Chapter 4 
Two Dimensional Hexagonal Arrays of Nanoshells 
4.1 Introduction 
An important application in the emerging field of plasmonics is the develop-
ment of substrates capable of providing hotspots for Surface Enhanced Spectroscopies 
(SES).[109, 17, 110, 111] The resonant excitation of plasmons in metallic nanostruc-
tures can provide large electromagnetic field enhancements on the surfaces of the 
constituent metals. [112, 113, 114, 90] These field enhancements can provide a drastic 
increase of the detected spectroscopic signals. The most widely used SES is Surface 
Enhanced Raman Scattering (SERS), where the electromagnetic enhancement factor 
is proportional to the fourth power of the field incident on the molecule. [115, 116, 
117, 118] Recently there has been a resurgence of interest in another type of SES, 
Surface Enhanced Infrared Absorption (SEIRA).[21, 119, 120, 121, 122] Although the 
electromagnetic enhancement effect in SEIRA is only proportional to the square of 
the electromagnetic field enhancements, SEIRA is likely to play an important role in 
the field of chemical and biological sensing because it probes dipole active vibrational 
modes and thus provides a complementary vibrational analysis of an analyte. 
The major reason why SEIRA has received so much less attention than SERS is 
the difficulty in fabricating nanostructures with tunable plasmon resonances in the 
infrared (IR) region of the spectrum. The maximum electromagnetic enhancement 
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in a plasmonic nanostructure occurs for resonant excitations of the plasmons. The 
plasmon resonances of metallic nanoparticles are strongly dependent on structure and 
composition. [123, 89, 124, 10, 125, 106, 31] This tunability has been very important 
in the field of SERS where a variety of plasmonic nanostructures with plasmon reso-
nances overlapping simple laser sources in the visible range have been developed. [19] 
In a recent publication[126] it was shown that a two dimensional (2D) hexago-
nal close-packed (HCP) array of nanoshells can provide significant enhancements to 
both SERS and SEIRA. The analysis of the SEIRA signals of paramercaptonaniline 
(pMA) molecules deposited on these arrays suggested enhancement factors between 
103 to 105. Such large values indicate that the dominant enhancement mechanism 
is electromagnetic rather than chemical. The surprising discovery in this experiment 
is thus that the same substrate can provide electromagnetic enhancements both in 
the Near Infrared (NIR) and the Mid Infrared (MIR) region of the spectrum. The 
extinction spectra of the arrays were found to be characterized by two features, a 
relatively sharp resonance in the NIR and a very broad, continuum-like resonance 
in the MIR. While strong electromagnetic field enhancements are expected for exci-
tations of sharp plasmon resonances and can be understood simply as the resonant 
pumping of a harmonic oscillator (the plasmon), it is not immediately clear what 
physical mechanism underlies the enhancements associated with the excitation of an 
overdamped oscillator such as the MIR structure. The purpose of the present chapter 
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is to elucidate and understand this phenomenon. 
In this chapter we analyze the optical and electromagnetic properties of 2D HCP 
nanoshell arrays on substrates using a variety of computational and analytical tech-
niques. We show that the NIR resonance in the 2D HCP nanoshell arrays are formed 
by interactions of the quadrupolar resonances of the individual nanoshells in a manner 
similar to how a d-band is formed from the atomic d-orbitals in a transition metal. 
The hybridized NIR mode is only weakly redshifted from the quadrupolar nanoshell 
plasmon because of the weak interparticle coupling of quadrupolar modes. The broad 
MIR resonance is a hybridized mode originating from the dipolar plasmon resonances 
of the individual nanoshells, and the strong redshift of the MIR resonance compared 
to that of NIR resonance is due to the much stronger interparticle interactions for 
dipoles. The strong broadening of the dipolar resonance is caused by radiative damp-
ing. The large field enhancements induced within the MIR resonance are caused by 
the lightning rod effect. For long wavelengths, the metals act as perfect conductors 
and expel the electric field from the interior of the metals. This screening squeezes 
the electric field into the junctions between the nanoshells, resulting in large field 
intensities. This effect can be described semi-analytically for arrays of arbitrarily 
shaped nanoparticles using an electrostatic analysis, exploiting the fact that metals 
at low frequencies behave almost like perfect conductors. The result shows a univer-
sal inverse linear relation between the maximum electric field enhancement and the 
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lattice constant, a parameter that is independent of the shape of the particle. To 
describe the relevance of the field enhancements for SEIRA, we introduce the concept 
of hotspot volume. The hotspot volume is defined as the volume within which the 
electric field enhancements are larger than half of the maximum field enhancement. 
We show that this quantity depends strongly on the shape of the particles. 
4.2 Optical Propert ies of two dimensional H C P Nanoshell 
arrays 
4.2.1 Experimental spectra 
Figure 4.1a shows an SEM image of a typical array sample fabricated using a 
technique described in a previous publication. [126] The geometry of the nanoshells 
is (i?i, i?2) = (152,172) nm, where Ri and R2 are the inner and outer radius of 
the nanoshell, respectively. The separation between adjacent nanoshells is d—8 nm, 
determined by the thickness of the double spacer layer Cetyl-trimethylammonium 
bromide (CTAB) molecule in the junction. In Fig. 4.1b we show the extinction 
spectrum of the array and that of an individual nanoshell of the same size. For the 
individual nanoshell, the dipolar peak is around 900 nm and the quadrupolar peak is 
around 700 nm. The shoulder at 2500 nm is a spectral feature which most likely is 
caused by the presence of nanoshell dimers and larger multiparticle structures on the 
surface. Although the array spectrum is cut-off at 3000 nm due to the wavelength 
limit of the spectrometer, we clearly observe the short wavelength part of a broad 
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Figure 4.1 SEM image and extinction spectra of a typical HCP Au nanoshell array 
sample. Panel (a) shows an SEM image of the sample. The inner radius of the nanoshells is 
150 ± 12 nm and the gold shell thickness is 22 ± 1 nm. The separation d between adjacent 
nanoshells is around 8 nm. Panel (b) shows the normal incidence extinction spectrum of 
the array (solid) and that of an isolated nanoshell with the same size (dashed). 
resonance which as will be demonstrated below, extends well into the MIR. Since the 
resonance is leveling off at 3000 nm we will refer to this feature as a 3000 nm MIR 
resonance. 
4.2.2 Finite Difference Time Domain Simulation 
In order to model the HCP nanoshell array, we use the FDTD method with Peri-
odic Boundary Conditions (PBC).[127] The implementation of PBC is straightforward 
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for light incident on the array at normal incidence. To describe the optical response 
of gold we use a Drude dielectric function with parameters fitted to experimental 
data. [55]. We are able to computationally model rectangular unit cells with sizes of 
around 500 nm. Thus, in principle we can include a substrate with a thickness of a 
few hundred nanometers. For normal incidence, the major effect of the substrate is a 
minor 50-150 nm redshift of the spectral features of the array. In addition, for short 
wavelengths, the spectra displays thickness dependent modulations of the extinction 
spectrum caused by Fabry-Perot resonances in the substrate. Since the experiments 
are performed on glass substrates with a thickness of a few millimeters, such Fabry-
Perot modulations will not occur. To avoid these artifacts we will neglect the glass 
substrate in the calculations presented below. 
In Fig. 4.2 we show the calculated FDTD-PBC spectra and local electric field 
enhancements for the HCP nanoshell array studied in Fig. 4.1. Panel (a) shows the 
extinction, scattering, and absorption. The calculated extinction spectrum shows a 
narrow resonance at an energy of around 750 nm and very broad feature beginning 
around 1000 nm and extending far into MIR well beyond the graph cut-off at 3000 nm. 
Figure 4.2a also shows that the low-energy (long wavelength) broad feature in the 
extinction spectrum is dominated by scattering. The reason is that in the low-energy 
limit the gold metal acts as a perfect conductor and excludes all electromagnetic 
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Figure 4.2 FDTD simulation results for an HCP Au nanoshell array. The geometry 
of the nanoshell is (i2i,i?2)=(150,172) nm, the separation is d=8 nm and the grid size is 
2 nm. The periodic unit cell is composed of four half-nanoshells. Panel (a) show the ex-
tinction (black), scattering (red), and absorption (blue). Panels (b) and (c) shows the local 
electromagnetic field enhancements at wavelengths of 700 nm and 3000 nm, respectively. 
field enhancement induced at A=700 nm and at A=3000 nm. The field enhancement 
is defined as the ratio of the electric field amplitude at a given position to the field 
value when the nanostructure is absent. Panel (b) shows relatively small local field 
hot spots between neighboring nanoshells (maximum field enhancement=12.9) and 
non-zero enhancement factors inside each nanoshell. Panel (c) shows much larger hot 
spots between adjacent nanoshells with a maximum field enhancement factor 19.1. 
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The spatial location of the hotspots for these two wavelengths are identical. 
Although both the energy and lineshape of the high energy resonances of the 
calculated spectra in Fig. 4.2 agree nicely with the experiments in Fig. 4.1, the low-
energy (long wavelength) features look slightly different. The experimental spectrum 
shows a feature which appear to be centered at 3000 nm while FDTD shows a broad 
band-like structure above 1000 nm. To further investigate this discrepancy we have 
systematically investigated how the structural parameters of the array influence the 
resonances in the extinction spectrum. Varying the array separation, d, from 6 nm to 
500 nm results in a blueshift and narrowing of broad the low-energy (long wavelength) 
continuum and ultimately changes the array spectrum into an individual nanoshell 
spectrum. We were never able to reproduce a strong extinction maximum observed 
experimentally at 3000 nm. We also investigated the effects of including the dielectric 
screening mediated by the CTAB layers around each nanoshell. This screening has 
negligible effect on the spectra but changes the maximum field enhancement factors 
by 5-10%. As described above we also performed calculations including the glass 
substrate but again, the low-energy (long wavelength) feature remains a broad struc-
tureless continuum. In short, the low-energy feature of the array spectrum shown in 
Fig. 4.1 cannot be reproduced by modeling the HCP nanoshell array as a perfectly 
periodic structure. 
The microscopic reason for the strong broadening of the MIR resonance in the 
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array spectrum in Fig. 4.2 is superradiance, i.e. the collective enhancement of the 
dipolar radiation from an ensemble of interacting coherently oscillating dipoles within 
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Figure 4.3 FDTD extinction spectra of an individual nanoshell (black), a nanoshell 
trimer (red), a nanoshell septamer (blue), and a HCP nanoshell array (green). The geometry 
of the nanoshells is (i?i, i22)=(150,172) nm, and the separation is d=8 nm. The quadrupolar 
modes of these structures are all located around 700 nm. The dipolar peaks show a strong 
redshift because of the increasing number of neighboring nanoshells. 
In order to provide more insight into the microscopic nature of the plasmons in 
the HCP nanoshell arrays we have calculated the extinction spectra for an individual 
nanoshell, a symmetric nanoshell trimer, and a symmetric nanoshell septamer (one 
nanoshell in the center and six nanoshells symmetrically distributed around it in the 
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same plane). In Fig. 4.3 we compare the normalized extinction spectra of these four 
systems. The finite structures were modeled using the same interparticle spacings 
as in the array. A simple analysis using Mie theory for the individual nanoshells 
shows a dipolar resonance around 1000 nm, a quadrupolar around 750 nm, and a 
weak octupolar resonance around 600 nm. In all four spectra the sharp peaks at 
750 nm overlap perfectly. Therefore we can conclude that they originate from the 
quadrupolar plasmon resonances of the individual nanoshells. The reason for the very 
weak shift of the quadrupolar resonance with increased coordination is the very weak 
interaction and hybridization of quadrupolar modes in adjacent nanoparticles. [56] The 
low-energy (long wavelength) resonances in Fig. 4.3, on the other hand, follow a clear 
trend of redshifting and broadening with increasing coordination. The individual 
dipolar nanoshell resonance at 1000 nm shifts to 1500 nm for a nanoshell trimer, and 
to 2000 nm for the lowest energy nanoshell septamer resonance. The lineshape of 
the septamer spectrum is characterized by a broad peak centered at 2000 nm with a 
much narrower, asymmetric dip in the extinction spectrum located around 1500 nm. 
The asymmetric lineshape of the septamer spectrum is an interference between a 
narrow (subradiant) and a broad (superradiant) plasmon modes producing a Fano 
type profile similar to what was recently discussed in a study of multilayer plasmonic 
wires. [129]. 
The interference between the two modes in the septamer spectrum is clearly il-
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lustrated in Fig. 4.4 where we show the electromagnetic field enhancements for wave-
lengths around the dip. For the subradiant mode on the blue side of the dip, the 
largest fields occur in the junctions within the six particles surrounding the center 
particle. For the superradiant mode, the largest fields are induced between the center 
particle and the surrounding particles. At the dip, both modes are excited. 
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Figure 4.4 FDTD calculations of the electromagnetic field enhancements for the sym-
metric septamer in Fig. 4.3 at wavelengths 1362 nm, 1510 nm, and 1982 nm. 
To further understand the septamer spectra, we have performed extensive FDTD 
calculations of the optical spectra of the structures discussed in Fig. 4.3, scaling down 
all dimensions by a common factor ranging from a 1.1 to 8, thus continuously reducing 
the effects of retardation. In the electrostatic limit, such a scale transformation would 
leave the optical spectra invariant. 
In Fig. 4.5 we show the FDTD extinction spectra for a scaling factor of 8, thus 
setting the overall dimensions of the nanoshells to 21.5 nm and their separation to 
1 nm, and the spectra calculated using the electrostatic Plasmon Hybridization (PH) 
method[2, 42] for the structures discussed in Fig. 4.3. The quadrupolar resonances 
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can clearly be seen in the spectra for the trimer, septamer, and the array, as a 
shoulder and peaks just below 1000 nm. The dipolar resonances of the individual 
nanoshell, nanoshell trimer, nanoshell septamer and the HCP nanoshell array appear 
at 1000 nm, 1330 nm, 1300 nm and 2070 nm, respectively. The energies of these 
modes are blueshifted compared to the larger structures in Fig. 4.3 due to weaker 
retardation. Since retardation effects always cause a redshift of dipolar resonances, 
Fig. 4.5a suggests that the location of the strongly damped dipolar resonance in the 
real HCP nanoshell array should be positioned at a wavelength significantly larger 
than 2070 nm. 
A comparison of the FDTD for the scaled-down structures and the PH spectra in 
Fig. 4.5 shows very good agreement. The various plasmon modes show up at very 
similar wavelengths. Since the optical absorption in the PH method is proportional 
to the square of the dipole moment of the plasmon mode while the FDTD calculation 
also includes the coupling to higher multipoles, the relative peak intensities in PH and 
FDTD spectra can be different. For this reason, the quadrupolar modes do not show 
up in the PH spectra of the individual nanoshell but are clearly visible in the larger 
structures due to the hybridization of quadrupolar and dipolar plasmon on adjacent 
nanoparticles. The slight blueshift of the PH spectra compared to the FDTD spectra 
is due to the complete neglect of retardation in the PH method. The most noticeable 
differences between the PH and FDTD spectra is the width of the array resonance. 
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In the PH method, the width of the resonance originates entirely from the imaginary 
part of the dielectric function. In the FDTD calculation, radiative damping will also 
contribute. 
It is interesting and significant that an electrostatic approach such as the PH 
method can reproduce the peak positions of an infinite periodic system. The reason 
for this is that the interactions between plasmons on different nanoparticles decreases 
rapidly with nanoparticle separation. The plasmon energies are thus determined by 
the local structure of the array. This local region includes nearest and next nearest 
neighbors. Therefore, if the size of the local region is much smaller than the wave-
length of the incident light, the energies of the plasmon modes can be described using 
an electrostatic approach. 
The spectrum for the small septamer in Fig. 4.5a does not display a Fano reso-
nance. A careful analysis of the septamer spectra for different scaling factors show 
that the the superradiant mode redshifts much faster than the subradiant mode with 
decreasing scaling factor. For scaling factors smaller than 2, the energies of the two 
modes are similar and the subradiant mode appear as an asymmetric dip in the spec-
tra. For smaller systems (scaling factors larger than 2), the energy of the energy for 
the subradiant mode is lower than the superradiant mode and the subradiant mode 
appears as a positive peak on the red side of the superradiant peak. The PH method 
provides for a simple group theoretical analysis of the microscopic nature of the plas-
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mon modes in a multi-particle aggregate. [56, 130] The point group of the septamer is 
D6h- In the inset of Fig. 4.5b, we show the energies and irreducible representations 
of the five lowest energy plasmon modes of the septamer. The sub and superradiant 
modes belong to the E\u irreducible representation. In the superradiant mode the 
nanoshell in the center of the septamer has in phase plasmonic oscillations with the 
six other peripheral nanoshells, therefore inducing a strong radiative damping and a 
broad peak in the spectrum. In the subradiant mode, the plasmons in the central 
nanoshell oscillates oppositely with the plasmons of the peripheral nanoshells so that 
the radiative damping is strongly suppressed. The higher energy superradiant mode 
has a large dipole moment while the subradiant mode has no net dipole moment. 
The subradiant mode can therefore only be excited through its quadrupoles and thus 
when the size of the system becomes comparable to wavelength of the incident light. 
We are now in a position to qualitatively explain the difference between the exper-
imental spectra in Fig. 4.1 and the FDTD spectra in Fig. 4.2. The FDTD calculation 
with its assumption of a perfectly periodic array structure overestimates the radiative 
damping. A closer look at the SEM image of the HCP array in Fig. 4.1 reveals that 
the 2D order is not perfect. Some of the nanoshells appear to have a slightly smaller 
diameter, and some are slightly moved out of position. Such defects can localize the 
plasmon modes and introduce inhomogeneous broadening. However, any such devi-
ation from perfect periodicity will also break the coherence of the collective dipolar 
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plasmon mode and can lead to the destruction of the superradiance.[131] For dipoles 
oscillating out of phase, the radiative damping can become smaller than the radiative 
damping of an individual dipole which leads to subradiance. From the perspective of 
coherence, due to the small disorder, the substrate can probably best be described as 
consisting of independent finite domains within which coherence is maintained. These 
optical coherence effects only influence the damping of the plasmon resonance and not 
their energies which are determined by local properties, i.e., the hybridization of indi-
vidual nanoparticle plasmons on adjacent nanoparticles. The fact that the calculated 
trimer and septamer spectra in Fig. 4.3 look much more similar to the experimental 
spectrum than the calculated array spectra supports this hypothesis. However, even 
the septamer dipolar resonance is considerably narrower than the experimental MIR 
resonance indicating that the size of the coherent domains must be larger than seven 
nanoparticles. 
In the next section we investigate the nature of the electromagnetic field enhance-
ments in this type of arrays in the visible (Fig. 4.2b) and in the MIR (Fig. 4.2c). 
4.3 Investigation on Quasi-static Electric Field Enhancements 
In Fig. 4.2 we showed that significant electric field enhancements were induced 
at the same locations (in the junctions) of the HCP nanoshell array for two very 
different wavelengths, a NIR resonance of relevance for SERS and a MIR resonance 
of relevance for SEIRA. As discussed in the introduction, this is a finding of consider-
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able importance in sensing applications since it allows the use of two complementary 
vibrational spectroscopies for the detection of the same analyte at the same spot on 
the same substrate. In this section we will further analyze the physical mechanisms 
underlying these enhancements. 
In Fig. 4.6 we show the calculated maximum electric field enhancements in the 2D 
HCP nanoshell array as a function of the wavelength of the incident light. Further 
investigation shows that the maximum field enhancement factor continues to grow 
until it saturates at a value of around 40 beyond 20 microns. The peak in the field 
enhancement around 750 nm is due to the resonant excitation of the NIR quadrupolar 
plasmon. This mode is only weakly damped which allows for an efficient pumping of 
the quadrupolar oscillator. The electromagnetic field enhancements associated with 
this mode therefore has a wavelength dependence similar to the far field extinction 
spectrum. In contrast, the large field enhancements for the largest wavelengths can be 
understood as a electrostatic "Lightning Rod" effect.[132, 133] The slow monotonous 
increase of the maximum field enhancement between 2000 nm and 20 micron can 
be understood simply as the response of an overdamped dipolar harmonic oscillator. 
Only for very slow perturbations, will the oscillator adjust adiabatically to the applied 
force. The screening associated with the lightning rod effect does not correspond to 
excitations of plasmons and will therefore not show up in the far field excitation 
spectrum. 
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The relevance of the "lightning rod" effect for the understanding of the large field 
enhancements in nanoparticle dimers was recently discussed by Kail and coworkers. [134] 
The physical origin of the "Lightning rod" effect is metallic screening. For a perfect 
metal, no electric field penetrates inside the material. The metal becomes equipoten-
tial and all potential drops must occur in the junctions between the metals. Indeed, 
the electric field enhancement plot in Fig. 4.2c shows this effect already at 3 microns, 
with the electric field almost perfectly expelled from the metallic shells. The reason 
for the efficient screening of metals at low frequencies is that the real part of the 
dielectric function becomes large and negative. The expulsion of the electric field 
from the interior of the nanoparticles gives rise to the intense field enhancements in 
the junctions between the metals. This phenomenon provides yet another simple way 
of understanding the slow monotonous increase of the maximum field enhancement 
in Fig. 4.6. As the wavelength is increased and the dielectric permittivity becomes 
more and more negative, the electric field are gradually expelled from the metallic 
shells with a resulting increase in the field strength in the junctions. 
Our finding of large electric field enhancements in metallic structures at long 
wavelengths in nanoparticle arrays is not limited to nanoshells. Our results would 
apply equally well to finite aggregates of arbitrarily shaped nanoparticles as long as 
the wavelength of the incident light is in the mid to far infrared, thus, resulting in a 
extremely versatile system to perform highly efficient SEIRA spectroscopy indepen-
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dently of the structural constitution of the array unit cell. 
In the original work on the relevance of the lightning rod effect for SERS on indi-
vidual nanoparticles, it was noted that the structure of of the particles will influence 
both the magnitude of the maximum field enhancement and the volume within which 
the field enhancements remain large. [133] To investigate if this applies to arrays, we 
now use a simple electrostatic approach and investigate the field enhancements in 
two-dimensional square lattices of finite metallic spheres (S), finite cylinders (C), and 
finite blocks (B). The simulations are performed using the electrostatic module of 
COMSOL Multiphysics 3.3a, which is a Finite-Element based commercial numerical 
simulation software. 
In Fig. 4.7 we schematically illustrate the numerical experiment. The structures 
are periodic square lattices as illustrated in Panel (a). For the cylinders and blocks 
when the separation distance d is small compared to the overall size of the individ-
ual structures D, the maximum field enhancement Emax occurs in the middle of the 
junction between two adjacent particles. For the spheres, a slightly larger field en-
hancement (10%) can sometimes be found on the sphere surface. For consistency, we 
will define the maximum field enhancement as the value in the middle of the junc-
tion. Using PBC the calculation of the fields needs only to be performed in a unit 
cell as shown in Panel (b). The left and right boundaries are set to be equipotential 
surfaces with electric potentials V/2 and —V/2, respectively. For the other bound-
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aries we apply symmetric (zero charge) boundary conditions. When the separation 
d is changed, V is tuned so that the background electric field across the unit cell 
without any objects £0 = V/(D + d) is a constant, where D is the dimension of the 
object. For simplicity the dielectric constant of the objects is set to be minus infinity 
as appropriate for a perfect conductor. The maximum field enhancement factor 77 is 
defined as, 77 = Emax/Eo. 
4.3.1 Maximum field enhancement as a function of particle separation 
In Fig. 4.8 we show the calculated maximum electric field enhancement factor for 
the S, C, and B arrays as a function of relative separation d/D for thin junctions. 
We also show the analytical result 77 = ^ p for the field enhancement in a junction 
of thickness d between two metallic spheres of diameter D derived previously using 
electrostatic arguments. [134] In this approach, the enhancement factor 77 = E^/Ei 
which is the ratio of the incident field Ei and the local field E ^ , can be derived from 
the condition for the potential E^D+d) — Eiocd, obtaining E^/Ei — (D+d)/d.[l34] 
The results show almost identical field enhancement factors. The fact that the relation 
between 77 and d/D is the same for these very different structures is a consequence of 
perfect metallic screening. The maximum field enhancement is only dependent on the 
closest distance between two equipotential particles and not on the detailed structure 
around the junction. 
In Fig. 4.9 we show the calculated local electric fields and the electrostatic equipo-
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tential surfaces of the C and B arrays. In panel (a) we show the electric field enhance-
ment in these two systems. For the C array there is a distinct hotspot but for the 
B array the electric field is almost uniformly distributed in the junctions. Although 
the shapes of the field enhancement are totally different, the maximum field enhance-
ment factors are same in both systems. In panels (b) and (c) we show the electrostatic 
equipotential surfaces of these two systems. Although the overall electric potential 
distributions are different for the B and C array, the close-up around the hot-spots 
are nearly identical. 
In the analysis above we studied arrays of nanoparticles of the same aspect ratio 
in the lateral dimensions. The magnitude of the maximum field enhancements in the 
electrostatic limit will depend on the aspect ratio of the individual particles. 
A factor of crucial importance for the efficiency of a substrate for SES is asso-
ciated with the sensing volume, i.e., the volume inside which the electromagnetic 
field enhancements are large. A large hotspot volume means that a larger number of 
molecules can be probed. In the next subsection we investigate how the hotspot vol-
ume of conductive arrays (an assumption valid to describe behavior in the infrared) 
depend on interparticle separation and shape of the particles. 
4.3.2 Hotspot volume in arrays of particles of different geometry 
In this subsection we investigate how the volume of the hotspots in the arrays 
junctions depend on interparticle separation and also shape of the particles. Since 
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the electric field enhancements can vary significantly in space and their relevance 
for different SES depend on the how the cross sections depend on the power of the 
field enhancement, the hotspot volume needs do be defined differently for different 
spectroscopies. For SEIRA we define the SEIRA efficiency as 
11=fE2-dV, (4.1) 
with a hotspot volume defined as VH = ^•/E^nax. To evaluate the integral we need to 
do a subdomain integration of energy density E2 • dV for each system. 
In Fig. 4.10 we show the calculated hotspot volume for the S, C, and B arrays as a 
function of separation. On a logarithmic scale, the calculated VH of these three arrays 
each follows an almost perfect linear dependence on d/D and can be parametrized 
as: 
Vg oc (d/D)1035 (4.2) 
Vg oc (d/D)1A31 (4.3) 
V$ oc (d/D)1U2 (4.4) 
These results can simply be rationalized by analyzing the surface curvatures of the 
different particles. For the blocks, the surfaces are flat so that the lateral size of the 
hotspot always equals the surface area of the particles. Hence VH increases linearly 
with separation. For the cylindrical particles, the lateral size of hotspot in the plane 
parallel to the cylinder axis is constant, while the dimension in the plane perpendicular 
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to the cylinder axis is proportional to (d/D)05. Thus Vjy of the cylindrical particles 
should be proportional to (d/D)15. For the spherical particles the lateral dimension 
of the hotspot should be proportional to (d/D)05 which would lead to VH being 
proportional to (d/D)2. We believe that the reason the simple geometrical analysis 
does not work exactly for the sphere array is caused by the more inhomogeneous 
field intensity distribution in the sphere array compared to for the cylinder and block 
array. An explicit calculation of the volume within which the field enhancement 
remain larger than 10% of the maximum enhancement gives the powers 1.038, 1.494, 
and 2.033 for the B, C and S arrays The hotspot volumes for the block arrays are much 
larger and homogeneous than for the sphere arrays, with those for the cylinder array 
in between. Since the maximum field enhancements only depend on the separation, 
the block or cylinder arrays provide better SEIRA substrates than 2D sphere arrays. 
We close this subsection by illustrating how our findings can be applied to to opti-
mize a configuration of metallic nanoparticles on a finite sized substrate for maximum 
SEIRA efficiency. For simplicity, we consider a single layer square array of rectangu-
lar metallic blocks of length L, widths W, and height W, separated by junctions of a 
length d. The question we ask is what is the optimal shape of the individual particles 
for a given substrate area. For simplicity we will assume light incident perpendicular 
to the substrate. The electrostatic analysis in subsection IIIA shows that the maxi-
mum field enhancements in the junctions for longitudinal polarization (polarization 
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along L) is proportional to (L 4- d)/d. The corresponding hotspot volume will be 
proportional to W2d with a SEIRA efficiency proportional to (L + d)2W2/d. For 
transverse polarization (polarization along W), the maximum field enhancement is 
(W + d)/d with a hotspot volume of LWd. The SEIRA efficiency for transverse po-
larization is thus (W + d)2LW/d. The surface footprint per particle is (L + d)(W + d). 
By maximizing the SEIRA efficiency for a fixed surface area, it can trivially be shown 
that the optimal SEIRA efficiency per unit surface area is achieved for longitudinal 
polarization and high aspect ratio (L/W) particles. Such a substrate may be realized 
by aligning finite carbon nanotubes on the substrate, [135] or by electron or focused 
ion beam milling of a thin metallic film. For more complicated structures, the opti-
mization problem becomes a multi-variable problem which can straightforwardly be 
solved using linear programming methods such as the Simplex Method. 
4.4 Summary and Discussions 
Using the FDTD and FEM methods we have analyzed the electromagnetic prop-
erties of two-dimensional close-packed nanoshell arrays. We have shown that the 
extinction spectrum for normal incidence is characterized by a narrow resonance in 
the NIR and a broad structure in the MIR in qualitative agreement with experimental 
results. These resonances are formed through interactions and hybridization of the 
individual nanoshell plasmons. The NIR resonance originates from the quadrupo-
lar resonances of the individual nanoshells and the MIR resonance derives from the 
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dipolar resonances of the individual nanoshells. The strong broadening of the MIR 
resonance is caused by radiative damping which for normal incidence result in super 
radiance, i.e. a collective enhancement of the radiation from several dipolar emitters 
oscillating in phase. An analysis of the electromagnetic field enhancements in the 
array structure reveals large field enhancements in the nanoparticle junctions both 
for the excitation of the NIR and the MIR modes. The field enhancements associated 
with the NIR resonance can be understood as a conventional resonant excitation of a 
weakly damped plasmon mode, with a wavelength dependence that follows the extinc-
tion spectrum. The field enhancements associated with the MIR show a qualitatively 
different wavelength dependence with a slow monotonous increase with increasing 
wavelength and a saturation to the electrostatic result at a wavelength beyond 20 mi-
crons. The field enhancements induced in the MIR are not caused by excitations of 
plasmons but are a consequence of metallic screening, i.e., the lightning rod effect. At 
long wavelengths, metals behave like a perfect equipotential conductors and all the 
field enhancements result results from the drop of the potentials across the junctions 
between individual nanoparticles. In this limit, the field enhancements depend only 
on the geometrical structure of the substrate. The slow monotonous increase of the 
field enhancements in the MIR is analogous to the response of an overdamped oscilla-
tor and is consistent with our finding of large radiative damping of the MIR resonance. 
Our observation that the maximum field enhancements in the MIR does not depend 
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sensitively on wavelength is another advantage for SEIRA where the measurements 
need to be performed over an extended spectral region. 
We have demonstrated that the properties of field enhancement and hotspot vol-
umes in the infrared region of the spectrum where SEIRA takes place can be described 
using analytical electrostatic arguments. Following this simplistic, but practical ap-
proach, we have identified in a very general way, the structural requirements for 
optimization of a substrate for maximum SEIRA efficiency. Our initial investigations 
indicate that such a substrate should be composed of high aspect ratio particles. In 
contrast to the hotspots associated with resonant excitation of plasmons in SERS, 
high field enhancements in the far infrared do not require sharp junctions, but rather 
the use of narrow flat junctions with large hotspot volumes. The field enhancement 
is also more constant and homogeneous, compared to the plasmonic resonances in 
the visible, therefore the common magnification of the infrared signal has the advan-
tage of preserving the information on the relative weight of the absorption peaks. 
Moreover, due to the fact that the nature of the enhancement in the far infrared is 
connected with the exclusion of the field from the conductor-like material, the trends 
for optimizing the enhancement can be extrapolated to Terahertz frequency regions, 
thus having a great potential for SEIRA on biomolecules. The concepts shown in this 
communication could lead to a new paradigm in the design of efficient substrates for 
visible (SERS) and far infrared (SEIRA) spectroscopies. 
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Wavelength (nm) 
Figure 4.5 FDTD extinction spectra (a) and PH absorption spectra (b) of an indi-
vidual nanoshell (black), a nanoshell trimer (red), a nanoshell septamer (blue) and an 
HCP nanoshell array (green). The inset in Panel (b) shows the energy and symmetry of 
the five lowest energy plasmon modes: E\u (solid), A.2g (dotted), E29 (dot-dashed), and 
Biu (dashed) for the septamer calculated using PH. The size of nanoshells in each case is 
(i?i, i22)=(18.75,21.5) nm, and the separation is d=\ nm. The calculations were performed 
using a pure Drude dielectric function with OJB = 4.6 eV and a damping of 0.15 eV. 
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Figure 4.6 Maximum electric field enhancement factors in the HCP nanoshell array 
as a function of wavelength. The simulations are performed using COMSOL Multiphysics 
3.3a. At MIR to IR regime ( wavelength > 2000 nm) the maximum field enhancement factor 
steadily increases towards 35 at 10 microns. The maximum field enhancement saturates to 
a value around 40 beyond 20 microns. 
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(a) lr-\k x 
D d 
n-D = 0 
Figure 4.7 Schematic illustration of a typical COMSOL simulation on a 2D square 
lattice of spherical particles. The particles are perfect conductors with a diameter D and 
inter-particle separation d. Panel (b) shows the individual unit cell of the lattice. The left 
and right boundaries are equipotential boundaries with electric potentials V/2 and — V/2 
respectively. The location of the hotspots in the nanoparticle junctions are illustrated in 
red and yellow. 
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Figure 4.8 The maximum electric field enhancement factor t] as a function of relative 
separation d/D for sphere, cylinder, and block arrays, respectively. The relation between t] 
and d/D in these three systems almost overlap and can be parameterized as rj = (D-\-d)/d. 
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Figure 4.9 Local electric field enhancements and electrostatic potential surfaces for 
the 2D cylinder and block arrays. The applied electric field is EQ = 20 and the relative 
separation is d/D — 0.04. Panel (a) shows the electric field enhancements for the C array 
(left) and the B array (right). Panel (b) shows the electric potential distribution in the 
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Figure 4.10 Hotspot volume VJJ as a function of separation d/D for 2D square arrays 
of B, C, and S particles. The figure is plotted on a log-log scale and the slopes are 1.035 
(B), 1.431 (C), and 1.742 (S). 
Chapter 5 
Nanoparticle Arrays with Oblique Incident 
Excitation 
5.1 Introduction 
The optical and plasmonic properties of metallic nanostructures have been of 
persistent interest to the scientific and engineering society during the last couple of 
years and have recently been the subject of several comprehensive reviews. [106, 136, 
137] The resonant excitation of plasmons in a metallic nanostructure can induce large 
electromagnetic field enhancements. This phenomenon is the major factor responsible 
for large enhancements of Raman scattering of molecules adsorbed on the surfaces of 
the nanoparticles. [138, 139, 140] The plasmon resonances of a metallic nanoparticle 
depend sensitively on its geometrical structure. [141] This tunability which can be 
very significant for dielectric-core metallic-shell structures such as nanoshells,[142, 
141, 143] has enabled a large number of applications of plasmonic nanoparticles in 
areas such as fluorescence enhancement,[26, 144, 145, 146] optical manipulation, [147, 
148, 149] novel approaches to color displays, [150] and nanoscale PH meters. [151] 
In parallel with the development of novel plasmonic applications there has been a 
substantial progress in the development of theoretical methods for the calculation of 
optical properties of metallic nanoparticles. Although, it is possible to calculate the 
optical properties of nanoparticle of general shape using analytical approaches,[152, 
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153, 154] such methods become cumbersome for strongly interacting systems such as 
nanoparticle pairs (dimers) separated by a narrow junction. For dimers and chains 
where the individual nanoparticles are characterized by a high degree of symmetry, 
multiple scattering approaches provide a computationally fast numerical approach. [155, 
156] For multi-particle systems consisting of highly anisotropic nanoparticles, the 
most general approach is a brute force numerical solution of Maxwell's equations. 
One of the most prominent such approaches is the Finite-Difference Time-Domain 
(FDTD) method. [43] This method is based on spatial and temporal grid discretiza-
tion and can provide exact numerical solutions for the optical properties of arbitrarily 
shaped objects of arbitrary composition. The disadvantage with fully numerical com-
putational approaches is that they do not provide detailed physical insight into the 
problem. However, by analyzing the results from fully numerical methods using the 
Plasmon Hybridization (PH) concept,[106] it is often possible to interpret the op-
tical spectra and explain the microscopic properties of the optically active plasmon 
resonances in a physically intuitive manner. [157, 158, 4, 159, 160] 
One and two-dimensional nanoparticle arrays are examples of interesting nanos-
tructures which present some challenging computational problems. Nanoparticle ar-
rays can be fabricated relatively simply using self-assembly[126, 156] or lithographic 
methods,[161, 162] and are of considerable interest as substrates for surface enhanced 
spectroscopies because they provide a high concentration of junctions "hot-spots" 
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that can provide large field enhancements. [126, 163] One dimensional nanoparticle 
array structures also provide possible geometries for plasmonic waveguiding.[164, 34] 
As in any periodic structure, the plasmonic modes of an array form continuous bands 
where the resulting states represent traveling waves characterized by their Bloch 
wavevector.[104, 165, 166] While the optical properties of nanoparticle arrays for nor-
mal incidence can be calculated very simply using any numerical method by imposing 
Periodic Boundary Conditions (PBC), such boundary conditions cannot be imposed 
for oblique incidence of light. For oblique incidence, the electromagnetic fields reach 
different parts of the array at different times and the PBC implementation must take 
this retardation in account. 
The two major advantages of the FDTD method compared to other numerical 
techniques are that a full spectral analysis can be obtained from a single simula-
tion and that the method can be implemented very efficiently on parallel computer 
architectures. [43, 54] In the FDTD method one typically propagates an incident pulse 
in real time through the nanostructure. Since the temporal history of the electromag-
netic fields can be stored, it is thus in principle possible to implement PBC taking into 
account that the PBC on the different sides of the unit cell should be implemented 
at different times. The difficulty with such an implementation is that one side of the 
PBC needs to be updated with times from the future, i.e. advanced times. [43] 
Several methods for the extension of the FDTD method for periodic structure 
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under oblique incidence have been proposed.[43] The most widely used is the "Field 
Transformation Method" (FTM).[167, 168] The basic idea in FTM is to introduce a 
set of new field parameters to replace the original electric and magnetic field variables 
E and H. These new fields, P and Q, are in many respects very similar to E and H 
except that they contain the phase factor elkr. By doing this substitution, the require-
ment on future field values is evaded. However the modified Maxwell's Equations are 
much more difficult to solve and require very small grid sizes for large incident angles. 
For instance for the most popular FTM, the Split Field (SF) algorithm[43], due to the 
complexity in the modified Maxwell's Equations, the operation count per time step 
of SF is at least an order of magnitude higher than conventional FDTD. Besides, not 
only the auxiliary Pa and Qa fields double the memory cost, but with frequency disper-
sive dielectric functions, the SF algorithm requires a significant amount of additional 
memory to store past field values up to four time steps while conventional FDTD only 
needs to store fields for two time steps. A conservative estimation on the memory us-
age of SF over conventional FDTD would thus be at least four times higher. The FTM 
has been used for Photonic Band Gap (PBG) substrates with frequency-independent 
dielectric properties. [169] The extension to metallic nanoparticles with frequency de-
pendent dielectric functions results in significant further complications. [168] 
In this chapter we investigate another method for the extension of the FDTD 
method to periodic structures for oblique incidence, the Multiple Unit Cell (MUC) 
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method. [43, 47, 170] In contrast to the FTM, this approach does not require a signif-
icant rewriting of an existing FDTD code and maintains the usual stability criterion 
for arbitrary incident angles. We discuss the details of the MUC implementation and 
present an investigation of numerical aspects such as computational overhead and 
convergence. 
5.2 Implementation 
The FDTD method is an explicit time marching algorithm for solving Maxwell's 
equations on a discretized spatial grid. [43] Each FDTD simulation typically takes 
—# —* 
thousands of iterations. During each iteration the H and ^-fields are updated alter-
nately from the field values of the previous iteration using the curl form of Maxwell's 
equations. 
The time-marching nature of FDTD imposes a certain obstacle when implement-
ing PBC for oblique incident situations. In Fig. 5.1a we show the geometry of the 
problem. The incident angle with respect to the x-axis is fc which for simplicity will 
be assumed larger than zero and smaller than 7r/2. The periodicity of the array is D. 
In the frequency domain the PBC for Maxwell's equations take the form, [43], 
H(y = D) = H(y = 0)exp(-jkyD) (5.1) 
% = 0) = E(y = D)exp{+jkyD), (5.2) 
where ky = kosinfa is the projection of the incident wavevector ko onto the y-axis. 
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(a) (b) 
Figure 5.1 Schematic illustration of the geometry of the problem (a) and the MUC 
algorithm (b). The incident angle with respect to the x-axis is (fo. The array is in the 
Indirection with a periodicity D. In the MUC algorithm (b) the array is described as a 
finite structure of Np cells. The unit cell is represented by the top cell between y = D 
and y = 0. The Np — 1 cells between y = —D and y = —(Np — 1)D are referred to as the 
auxiliary structure. Retarded PBC are applied on the upper boundary y — D while the 
fields on the lower boundary are updated normally from the auxiliary structure. Absorbing 
Boundary Conditions (ABC) are applied on all other boundaries. 
For simplicity in the above equations we have neglected the half grid cell spatial offset 
between the H and E fields[43]. Since H and E fields are related by the Ampere's 
Law as well as the Faraday's Law, at each periodic boundary there is only one degree 
of freedom for them so that another version of Eq. (1) with H replaced by E and 
Eq. (4) with E replaced by H would be redundant. After transformation into time 
domain, the above equations take the form, 
H(y = D,t) = H(y = 0,t-AT) (5.3) 
E(y = 0,t) = E(y = D,t + AT), (5.4) 
where AT = Dsinfa/c is the time it takes for the incident wave to move a distance D 
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in the y-direction. In the following we will set the speed of light to c= l . The above 
equations shows that when the incident angle fa is non-zero, both past (retarded) 
field values at time t — AT and future (advanced) field values at time t + AT would 
be needed to update the H and E fields on the corresponding boundaries. The past 
field values can be stored using additional memory but the requirement on future 
fields represents a computational challenge. 
The Multiple Unit Cell (MUC) method[43] can be considered as a semi-infinite 
array approximation so that the requirement of future field values is avoided. In 
Fig. 5.1(b) we illustrate the MUC algorithm. The system is modeled as a finite array 
of Np nanoparticles. The unit cell is the top cell between y = 0 and y = D. The 
remaining Np — 1 cells will be referred to as the auxiliary structure. Retarded PBC 
Eq. (5.3) are applied at y = D. The fields at the lower boundary are updated from 
the fields in the auxiliary structure using the conventional FDTD algorithm. The 
auxiliary structure is terminated with Absorbing Boundary Conditions (ABC) at 
y = — (Np — \)D. ABC are also used on the other surfaces surrounding the structure 
to eliminate reflections. 
The introduction of ABC at y = —(Np — \)D introduce an error at y = 0 which 
will decrease with increasing number of cells Np. Previous studies using MUC has 
suggested that the spectra converge at five cells for one-dimensional arrays and 25 cells 
(5x5) for two-dimensional arrays. [47, 48] Our investigation shows that the number 
89 
of cells required for convergence depends on the periodicity D, the incident angle 
<f>i and the wavelength A. The purpose of including the auxiliary structure is to 
provide a sufficient number of nanoparticles and space that the relevant Bloch waves 
can be excited. Therefore, the minimal number of cells Nmin should be larger than 
at least half a full wavelength of the dominant plasmon wavelength, |A. Here the 
factor | comes from the fact that the other half of the wave will be generated by 
the periodic boundaries. A straightforward derivation shows that Nmin takes the 
expression Nmin(<f>i) = \/(2D • sin{(t>i)). The divergence at fa = 0 means that an 
infinite number of nanoparticles need to be included to construct a full Bloch wave. 
However, since the interaction between nanoparticles decays rapidly for increasing 
separation, the spectrum converges at a finite chain length Nint. Nint depends on 
various parameters, including the geometry and material properties of particles, inter-
particle separation, embedding medium, etc. For our specific structure, series of 
convergence tests have been performed and Nint = 30 at normal incidence. Therefore, 
Nmin should be determined by the following equation: 
Nminifa) = min(X/(2D • sin(fa)), 30) (5.5) 
Despite the fact that MUC method requires more computational storage than 
ordinary FDTD, it is still quite appealing compared with the low efficiency for spectral 
analysis in the Sine-Cosine method[171] and the serious complications involved in 
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implementing FTM for frequency-dependent dielectric functions. [168] 
5.3 Results 
In this section we apply the MUC method for one-dimensional gold nanosphere 
arrays. Each nanosphere has a radius i?=30 nm and the periodicity of the array 
is D—68 nm. The FDTD cell size is 2 nm in each direction. An investigation of 
the extinction spectra of an individual nanosphere calculated using this grid size 
showed no significant dependence of the angle of incidence caused by staircasing. The 
dielectric response of gold is modeled using a Drude form e(ui) = e^ — ui^/(u)2 + j8u)), 
with parameters e^ = 9.5, u>p=8.9488 eV and £=0.06909 eV obtained by fitting 
to the experimental data for gold. [107] The system is placed in vacuum with no 
dielectric background or substrates. The absorbing boundary conditions consist of 10 
cells of UPML. The time step is 3.34e-18 s and the number of time steps is 25,000. 
The excitation pulse is Gaussian enveloped sinusoid with a central frequency 428.6 
THz, decay to 1/e time 8.89e-15 s. Far field monitors are applied on the planes 
perpendicular to the periodicity and they perform Discrete Fourier Transformations 
on received field values and convert the data to output in extinction. 
In Fig. 5.2 we schematically illustrate the nature of the plasmon resonances in 
the nanosphere chain. Panels (a) and (b) show the transverse (T) and longitudinal 
(L) modes that are induced for normal incidence (fa = 0). For S-polarization (El-
field perpendicular to the plane determined by the nanosphere array and the incident 
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Figure 5.2 Schematic illustration of the plasmonic modes in one dimensional nanosphere 
arrays. Panel (a) shows the T mode at normal incidence. Panel (b) illustrates the L mode 
at normal incidence. Panel (c) shows the phase delayed T mode under S-polarization with 
non-zero </>j. Panel (d) shows that both L and T phase delayed modes are excited for 
P-polarization at oblique incidence. 
wave vector), the dipolar moments of all particles are excited perpendicular to the 
axis of the array. These dipoles collectively oscillates in phase. Due to the repulsive 
Coulomb interaction for this polarization, the collective plasmon resonance is blue 
shifted compared to the plasmon resonance for an individual nanosphere. For P-
polarization (E-field parallel to the plane determined by the nanosphere array and 
the incident wave vector), only the L mode is excited. The dipolar moments of the 
nanoparticles are lined up along the chain and oscillate in phase. For this polarization, 
the Coulomb interaction is larger and attractive resulting in a redshifted collective 
mode. 
Fig. 5.2c and 5.2d illustrate the effect of oblique excitation geometry. For such 
incidence, at a given time, the local electric field is different on each particle. The 
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phase delay modifies the Coulomb interaction between adjacent dipoles and the energy 
of the collective mode. For S-polarization, the Coulomb repulsion is reduced leading 
to a redshift of the T mode compared to normal incidence. For P-polarization the 
situation is slightly more complicated. As illustrated in Fig. 5.2d the electric field can 
be split into a parallel part E\\ = Ecosfa which interacts only with L modes and a 
perpendicular part E± = Esinfa which only excites T modes. The effect of the phase 
delay on the T mode is the same as for S-polarization. The effect on the L modes 
is a reduction of the attractive Coulomb interaction between adjacent nanoparticles 
which leads to a blueshift of the L mode with increasing angle of incidence. 
5.3.1 Convergence tests 
Since the extinction maximum of an individual gold nanosphere of radius 30 nm 
is located around 480 nm, we can use this value as an approximation for A, the 
wavelength of the dominant plasmon mode in the system. Equation (5.5) gives an 
estimate of the minimal number of cells iVmin = 3.53/sm(0j) required for convergence. 
Therefore, for large incident angles, such as fc = 80°, Np=4 should be sufficient for 
spectral convergence. Small incident angles such as 4>% — 10° m a Y need up to 20 cells. 
In Fig. 5.3 (a) and (b) we show how the extinction spectra for P-polarization 
depend on Np for two different angles of incidence. The short wavelength mode is a 
T mode and the long wavelength resonance is an L mode. The dispersion of these 
modes as the angle of incidence is varied will be discussed below in section IIIB. 
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Figure 5.3 Convergence test on the nanosphere array with P-polarization. The incident 
angle is (a) <f>i = 40° and (b) fa = 80°. Blue, Green, red and black curves are extinction 
spectra of the array simulated for JVP=10, 20, 30 and 40, respectively. All spectra are offset 
vertically. Panel (c) shows the error magnitude at the extinction peaks (564 nm for <j>i = 40° 
and 485 nm for 4>i = 80°) versus different chain lengths Np. 
The figure shows that 7Vp=20 are sufficient for convergence of the lineshape of the 
resonances in agreement with our crude prediction using Eq. (5.5). A detailed analysis 
shows that the average difference in peak positions is around 10 nm for iVp=10 and 
20, 4 nm for iVp=20 and 30, and smaller than 1 nm between JVP=30 and 40. In 
order to illustrate the improvement on convergence as Np increases, in Panel (c) we 
plot the error magnitudes at the extinction peak positions (564 nm for fa — 40° and 
485 nm for 0, = 80°). The error is defined as the absolute difference between the 
unconverged and the converged (iVp=40) extinction values. This panel shows that 
the convergence of the spectra improves considerably as Np increases and we will 
normally use Np=30 in the simulations presented below, with an estimated error of 












Figure 5.4 Comparison on extinction spectra of an infinite cylinder between MUC 
FDTD (black solid) and Generalized Mie Theory (red dashed). The extinction is measured 
for a unit length of cylinder (100 nm) and the radius of the cylinder is a = 120nm. The 
dielectric constant of the cylinder is e = 2.25. Panels (a) and (b) correspond to P and 
S polarizations for fa = 30°, respectively. Panels (c) and (d) correspond to P and S 
polarizations for fa — 45°, respectively. 
To further test MUC FDTD, in the following we examine the extinction spectra 
of an infinite dielectric cylinder for oblique incidence. The optical properties of an 
infinite cylinder has been well studied and the analytical expression of the extinc-
tion cross-sections of an infinite cylinder under arbitrary incident angle is readily 
available[172] by means of the Generalized Mie Theory (GMT). In Fig. 5.4 we plot 
the extinction spectra per unit length (100 nm) of an infinite glass cylinder (e = 2.25) 
for a radius of a = 120nm. The FDTD model setup consists of a semi-infinite cylinder 
of 1200 nm in length, periodicity of 100 nm, and a cell size of 4 nm. In each panel 
the black curve is the simulation result from MUC FDTD and the red dashed curve 
is calculated using the GMT. Panels (a) and (b) stand for P and S polarizations 
95 
for an incident angle fa = 30° and panels (c) and (d) correspond to the P and S 
polarizations for fa = 45°, respectively. The comparison between FDTD and GMT 
shows satisfactory agreement for both the lineshapes of the spectra as well as the 
extinction peak positions. This is a clear demonstration that MUC FDTD is capable 
of reproducing the analytical results from the Mie Theory. 
W«MV)t!iiy1li (nm) 
Figure 5.5 Comparison between the extinction spectra for P-polarization calculated 
with (solid lines) and without (dotted) the MUC algorithm for Np= 30 (a), 20 (b), 10(c), 
and 5 (d). In each panel the incident angles are from top to bottom <j>i= 60° (black), 40° 
(red), and 20° (green). The spectra are offset vertically. 
In spite of the MUC method using a large number of cells for convergence, it is still 
a superior method than a finite chain simulation. Figure 5.5 shows a comparison of 
the extinction spectra for P-polarization calculated using MUC and those simulated 
using finite chains for different chain lengths and angles of incidence. As demonstrated 
in Fig. 5.3, the MUC spectra for Np=30 in panel (a) are fully converged. The panel 
shows that for the largest incidence angle, the L resonance is not fully accounted 
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for in the finite chain calculation. For JVp=20 (b), the difference between the MUC 
and the finite chain results are larger. For Np=10 and 5, none of the spectra are 
converged. However, the MUC results are clearly closer to the converged results in 
panel (a) than the finite chain results. Interestingly the spectral shape of the T 
mode is well described even for the shortest chain. We believe that this is due to the 
relatively small interparticle interactions for transversely polarized dipoles.[173] It is 
also worthwhile to point out that the fa = 20° (green) spectra converge faster than 
the fa = 60° (black) spectra. This conclusion seems to contradicts Eq. (5) which 
implies that convergence is expected to be better for larger fa. The reason is that 
at large fa, the interaction potential among nanoparticles undergoes a frequent sign 
change due to strong phase delays. 
5.3.2 Angular dependence of extinction spectra for S and P-polarization 
In Fig. 5.6 we show the extinction spectra for a nanosphere array for S-polarization 
for different angles of incidence. For normal incidence, the spectrum is dominated by 
a narrow peak centered around 468 nm which is a T mode where the dipolar plasmons 
of all nanoparticles in the array oscillate in phase in a direction perpendicular to the 
array axis. As fa increases as discussed in Fig. 5.2, this peak redshifts because of the 
reduction of the Coulomb repulsion between two adjacent nanoparticle plasmons. The 
wavelength of this T mode for fa = 80° is 481 nm. The lineshapes of the peaks in each 
curve are almost the same except for a slight broadening as fa increases. The small 
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Figure 5.6 Extinction spectra of the one dimensional nanosphere array at different in-
cident angles for S-polarization. Panel (a) shows the geometry and (b) shows the extinction 
spectra calculated for fa ranging from 0° to 80°, increased by units of 10°. The spectra are 
offset vertically. 
shoulders around 510 nm and 530 nm in each spectrum are staircasing artifacts. It 
was shown that the shoulders around 510 nm and 530 nm also exist in the extinction 
spectrum of an individual nanosphere from the array and these spectral features can 
only be suppressed by refining the simulated geometry, i.e. decreasing the cell size 
while keeping the same physical size of the nanosphere. 
In Fig. 5.7 we show the extinction spectra for P-polarization. As discussed in Fig. 
5.2, for P-polarization we can excite both T and L modes with intensities determined 
by the angle of incidence, i.e. (cosfa)2 for L modes and {sin<j>i)2 for T modes. The 
spectra in Fig. 5.7 are characterized by a narrow short wavelength T resonance and 
a broader long wavelength L resonance. For normal incidence, the L resonance is 
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Figure 5.7 Same as Fig. 5.6 but for P-polaxization. 
hybridized longitudinal quadrupolar resonance. [173] This quadrupolar resonance is 
almost degenerate with the T resonance which cannot be excited for P-polarization 
for normal incidence. As fa increases, the long wavelength feature blueshifts and 
eventually reaches 545 nm for fa = 80°. The intensity of the two L resonances 
decreases monotonously as fa increases. 
The short wavelength T resonance exhibits the opposite behavior from the L 
mode. For normal incidence there is no transverse component of the electric field 
and the T mode at 468 nm is not excitable. The weak spectral feature at 470 nm is 
the aforementioned quadrupolar L mode. For the five smallest angles of incidence, 
10° < fa < 50°, the transverse component of the incident field is finite and the short 
wavelength feature consists of both the T mode and the quadrupolar L mode. As the 
angle of incidence is increased further the T mode becomes the dominant mode and 
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exhibits the same redshift as was observed in Fig. 5.6. 
5.4 Dispersion Relation of I D Nanosphere Arrays 
In this section we compare the dispersion relations of the ID nanosphere array 
plasmons calculated using MUC with those obtained using a simple electrostatic 
point-dipole model. [104, 174, 166] In order to account for the dielectric screening 
effect on inter-particle interaction due to the background dielectrics of gold, we slightly 
modify the model derivation [174] by replacing the Drude dielectric function of gold 
with e(uj) = e00—uj'p/(uj(u+iS)), where e^ = 9.5 is the background dielectric constant 
of gold and u)p = 8.9488eV is the bulk plasmon frequency of gold. 8 is set to 0 to 
represent lossless material. In the non-retarded limit, the dipolar plasmonic mode of 
a gold nanosphere is[2] UJQ = ujpJ
 2 * = 2.64eV. In order to correct the model for 
the retardation effect induced by the finite size of the nanosphere, UJQ is replaced by 
the plasmonic energy of an individual gold nanosphere from FDTD calculation, i.e. 
<JJQ = 2.b7eV. Finally the electrostatic point-dipole model takes the form: 
"Hky) = *g 1 + {°\^KT>L J" (5.6) 
The radius of the nanosphere is R=30 nm and the separation between adjacent 
nanospheres is D=68 nm. K is a coefficient that depends on polarization with the 
value K = 2 for T modes and K = — 4 for L modes. ky is the wave vector along the 
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direction of the array, j refers to the j : th nearest neighbor. The sum over j converges 
rapidly and can be truncated at j=10 . 
Figure 5.8 Dispersion relation of the one dimensional nanosphere array. The black (T) 
and red (L) curves are the results from the analytical model Eq. (5.6). The black and the 
red symbols are the dispersion relation obtained from the MUC calculations in Figs. 5.6 
and 5.7. The green line is the light line. 
In Fig. 5.8 we show the dispersion relations determined using the simple model 
Eq. (5.6). The dispersion relations extracted from the peak positions of the curves in 
Figs. 5.6 and 5.7 are shown with the symbols. The MUC results agree qualitatively 
with the simple analytical model showing a monotonous weak blueshift of the T 
mode and a stronger redshift of the L mode for increasing ky. The green line is the 
light line determined by the relation u — kyc. It can be seen that the transverse 
modes from the analytical model and MUC FDTD generally agree well while the 
longitudinal mode from FDTD appears to be around 0.2 eV below the prediction from 
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Eq. (5.6). The major reason for this is the neglect of the interactions with higher order 
multipolar plasmons from the analytical model. This interaction is generally much 
stronger for the L mode than the T mode and results in a hybridization of dipolar 
and higher multipolar plasmons for the L mode as was demonstrated in Fig. 5.7, 
where a quadrupolar L mode appeared for normal incidence. Since in our study the 
nanoparticle array has a relatively small separation (8 nm) compared to particle size 
(60 nm in diameter), the multipolar interaction is strong. 
Several other groups [174, 175] have pointed out that the dispersion relation for 
the T modes should undergo a drastic change as it intersects the light line. When this 
happens, the T mode could decay (tunnel) into a free photon and both the dispersion 
and width of the T mode should be strongly modified near the light line. However, 
this effect is not observed in Fig. 5.8 and the reason is that the dispersion relation 
extracted from the FDTD simulation corresponds to the dispersion of real frequencies 
—# 
UJ with respect to complex wavevectors k, where damping causes the expected avoided-
crossings in the T mode to merge [175]. In order to observe the avoided crossing 
described above, a computation on the dispersion relation of complex UJ in terms of 
—* 
real k needs to be conducted, which is beyond the scope of the current paper. 
5.5 Electric field enhancements 
In the MUC method, only the electromagnetic fields in the unit cell are physically 
relevant. To reconstruct the fields in an infinite periodic array the fields in the unit 
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cell is translated to adjacent cells using the appropriate retarded or advanced PBC. 
In the geometry described in Fig. 5.1b we define the time domain electric field value 
at a given position f in the unit cell as E(f, t). The field values at time t in a cell at 
a distance nD from the unit cell can then be expressed as, 
E(f- nDy, t) = E(r, t - nAT) (5.7) 
where AT = Dsinfa is the time delay across the unit cell. In the frequency domain 
for a plane wave of frequency f2, this time delay corresponds to a phase shift e _ n j n A T . 
With this relation, we can reconstruct the instantaneous electric fields around arbi-
trary particles in the array. The reconstruction method provides us with an intuitive 
and accurate visualization of the plasmonic modes in periodic nanoparticle arrays. 
In Fig. 5.9 we show the instantaneous electric field enhancements for both T and 
L modes at the corresponding extinction maxima in Figs. 5.6 and 5.7 for each incident 
angle fc. The field enhancement is defined as the ratio of the instantaneous electric 
field and the electric field when the nanoparticles are absent. In each panel only the 
leftmost nanoparticle is located in the unit cell and the the field enhancements around 
the 19 remaining particles are obtained using Eq. (5.7). 
For a plane wave of frequency u incident at an angle fa, the projected wave vector 
along the chain is ky = ujsinfa. The chain plasmons satisfy a dispersion relation 
u>chain(ky)- The extinction maxima occur for chain plasmons where u)chain{ky) = 
u>. The period of the electric field enhancements in the chain is half of that of its 
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Figure 5.9 Instantaneous local electric field enhancements for the wavelengths corre-
sponding to the extinction maxima of the T (a) and L (b) modes in Figs. 5.6 and 5.7. In 
each panel the field enhancements are reconstructed for incident angles ranging from 10° 
(top) to 80° (bottom). The wavelengths of the T modes are from top to bottom, 468, 468, 
469, 471, 473, 477, 480, and 481 nm. The wavelengths for the T modes are, 577, 576 574, 
571, 566, 559, 554, and 545 nm. 
corresponding chain plasmon mode since the field enhancements are proportional to 
the square of the surface charges on the nanoparticles. It is instructive to express the 
period for the electric field enhancements in terms of the number of lattice constant 
D as, 
For the T modes, this equation predicts PE =19.8(10°), 10.1(20°), 6.90(30°), 5.39(40°), 
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4.54(50°), 4.05(60°), 3.76(70°), and 3.59(80°). For L mode, Eq. (5.8) predicts PE= 
24.4(10°), 12.4(20°), 8.44(30°), 6.53(40°), 5.42(50°), 4.75(60°), 4.33(70°), and 4.07(80°). 
Figure 5.9 shows that the magnitude of the electric field enhancements depends 
both on polarization and angle of incidence. For the T modes, at small fa the local 
field is concentrated on the direction perpendicular to the array. As c/>i increases, 
the local electric field hotspots gradually merge into the junctions between adjacent 
nanospheres, indicating an increased inter-particle coupling due to the phase delay 
caused by the oblique incidence. For the L modes, the electric field is always concen-
trated in the junctions between neighboring nanospheres. For increasing fa, the phase 
delayed plasmonic interactions between adjacent nanoparticles results in a decreased 
magnitude of the field enhancements in the junctions. 
5.6 Summary and Discussions 
The implementation of oblique incident PBC represents a considerable challenge 
for time-domain methods such as FDTD. Numerous algorithms have been proposed 
but each has its own advantages and disadvantages. In this chapter we have investi-
gated the numerical aspects of the Multiple Unit Cell method. We have shown that 
the method converges faster than a simple modeling of an array as a finite chain. 
Using this approach, we have studied the plasmonic properties of metallic nanopar-
ticle arrays under oblique incident angles. We calculate the extinction spectra of one 
dimensional gold nanosphere array at different incident angles and polarizations. We 
105 
identify two basic modes, the narrow transverse mode at higher energy and the broad 
longitudinal mode at lower energy. Our investigation shows that S-polarization only 
excites the transverse mode while P-polarization excites both transverse and longi-
tudinal modes and that the relative amplitude of these two modes is determined by 
the incident angle. The transverse mode exhibit a weak redshift and the longitudinal 
mode a stronger blueshift as the incident angle increases. The calculated dispersion 
relations are found to qualitatively agree with the dispersion relations obtained using 
a simple electrostatic model. We do not observe the predicted photon tunneling effect 
of the transverse mode near the light line. 
Chapter 6 
Conclusions 
In this thesis, we apply both Plasmon Hybridization method and Finite-Difference 
Time-Domain method in analyzing and simulating various metallic nano-structures, 
such as the nanoparticle and metallic film structure, one and two dimensional arrays 
of nanoshells, etc. We focus on the extinction spectra and local electric field enhance-
ments of these systems. We also compare our results with experimental measurements 
and the results from other analytical and numerical algorithms such as Mie Theory 
as well as the Finite Element method. 
One of the main discoveries in our research is the virtual state (VS) induced by 
the plasmonic interactions between a nanoparticle (nanosphere, nanoshell, etc.) and 
a thin metallic film. When placed close to each other, the nanoparticle and the 
film plasmons can be coherently excited and the interaction between the discrete 
nanoparticle plasmons and the continuous film plasmons is highly analogous to what 
is depicted in the classic impurity model, the Anderson-Fano Model. We find that 
the nanoshell and film structure is a highly tunable system which has a plasmonic 
feature dependent on the geometric properties of both the nanoshell and the film. 
As the film thickness gradually decreases, three characteristic regimes are realized 
where the energy of the nanoparticle plasmon resonance lies above, within or below 
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the surface plasmon states. In the thin film limit, the plasmonic coupling between 
the nanoshell and the film induces a low energy VS consisting of delocalized thin 
film plasmons. We show that the energy and intensity of this state can be controlled 
both by changing the aspect ratio of the nanoshell and by changing the thickness 
of the film. The theoretical results are found to agree well with the experimental 
observations. Although the concept of VS was initially introduced by Anderson, to 
the best of our knowledge we are the first to apply it into nano-plasmonics. 
Another important discovery lies in the spectral analysis of 2D hexagonal (hep) ar-
rays of nanoshells. During our study we find that the spectra calculated from FDTD 
do not perfectly match experimental measurements. The experimental extinction 
spectra shows a broad peak in mid-infrared (MIR) and a sharp peak in near-infrared 
(NIR). However, the FDTD simulation only shows the NIR sharp feature but the 
lower energy portion of the spectra are mostly structureless. Our later analysis shows 
that the difference is caused by the experimental defects in sample fabrication, which 
breaks the 2D hep nanoshell array into small subdomains. These subdomains have 
different plasmonic eigenmodes and phases, which eventually cause destructive in-
terference in their radiative fields. In contrast, FDTD simulates the hep array as 
perfectly periodic and thus creates a strong super-radiant damping in MIR with all 
dipolar plasmons resonating in phase. Our research also demonstrates that the 2D 
hep nanoshell array generates strong local electric field enhancements in both NIR 
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and MIR regimes. The NIR field enhancement is induced by the plasmonic coupling 
between adjacent nanoshells' quadrupolar plasmons while the MIR field enhancement 
is caused by the quasi-static field squeezing effect, in which the electric field is mostly 
concentrated in the gap between nanoshells as gold behaves like perfect conductors. 
The FDTD investigation on the optical properties of oblique-incident ID and 2D 
nanoparticle arrays also achieves success. It has been widely acknowledged that the 
implementation of oblique-incident Periodic Boundary Conditions (PBC) into FDTD 
is challenging, if not intimidating. The biggest obstacle lies in the frequency-to-
time domain transformation, which turns the accumulated phase difference between 
ends of the periodic unit cells into time delayed and time advanced boundary update 
equations. In this thesis we apply the Multiple Unit Cell (MUC) method since it only 
requires moderate modifications to our existing FDTD program and meanwhile runs 
efficiently. Our research shows that the MUC method converges much faster than 
the finite chain approximation with a relatively small additional memory cost. We 
observe the Transverse and the Longitudinal modes and the dispersion relation from 
our simulation qualitatively agrees with the quasistatic model. 
Appendix A 
Derivation of the Lagrangian 
The primitive film plasmons can be expressed in cylindrical Bessel Functions with 
an origin centered on the projection of the center of nanoshell on the film, p = (p, 4>) 
denotes the lateral position along the surface and z is the coordinate perpendicular 
to the surface. For the nanoshell plasmons we use spherical coordinates. 
The Lagrangian for the nanoshell plasmons has been previously derived, [42] in 
which we showed that the plasmon energies of a nanoshell depend on UJB,S = y 4 7 ^ " 5 , 
multipolar index / and its aspect ratio x — a/b, 
UJ: z(x) = ^ [ 1 ± ^ ^ 1 + 410+ ! ) * * « ] . (A.1) 
The bonding (-) and antibonding (+) eigenmodes are related to the primitive cavity 
and sphere modes as: 
NL = QmSin£i - Simcos£i 
Nhn = Cimcosti + Simsin£i, (A.2) 
where tan^ = ^f^-xl+1/2. 
The kinetic energy of the primitive plasmons of the film can be expressed as 
Tfiim =npm1J dSrfv^ ( A 3 ) 
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where the integral is over the two surfaces of the film and the * superscript denotes 
the complex conjugate. The integral can be evaluated analytically: 
—* 
TfUm = ^ J _dh_k{1 _ e-2kT)[P2 + ^  ( A 4 ) 
The potential energy of the primitive plasmons of the film can be expressed as 
Vfilm = ]-J dS<t>*a, (A.5) 
where (f)(r) and a(f) are the electrostatic potential and surface charge generated by the 
primitive plasmons of the film respectively. The integral can be evaluated analytically 
and takes the form: 
x [Pl + Ql-2P%Q-ke-kT\.. (A.6) 
The Lagrangian for the film Lfilm = Tfilm - Vfilm can be written in a diagonal form 
by introducing bonding and antibonding combinations of P and Q, 
Mi± = fyPi±Qi), (A.7) 
which can be shown to correspond to the plasmonic states of a thin film with energies 
^,±Cn = ^-^±exv[-kT}. (A.8) 
In this representation the Lagrangian takes the form: 
um _




I l l 
The surface plasmons of the film form a continuous band ranging from zero energy up 
to the bulk plasmon frequency of the metal. The plasmonic density of states is peaked 
around the surface plasmon energy ujap = LUB,F/V^- The plasmonic density of states 
depends strongly on film thickness. For infinite thickness, the film plasmons have 
no dispersion and the plasmonic density of states is a delta function centered on the 
surface plasmon energy usp = UB,F/V^- For decreasing film thickness, the density 
of states broadens in energy. The modes M%± represent the linearly independent, 
non-interacting plasmons of a thin film. In the presence of the nanoparticle, they no 
longer represent stationary states of the system. 
The interaction between the film plasmons and the nanoshell plasmons is conve-
niently evaluated as an integral over the surface charge of the shell and takes the 
form: 
V = Y,[ 1^2R2 IdSlc,s<t>m°irn{Slc,s), (A.10) 
where 
<fe = V2imFeM-ki(l - e ' ^ e ^ e ' ^ (A.l l ) 
is the electrostatic potential outside the film (for z > 0) from the primitive film 
plasmons and aim is the charge density associated with the shell plasmons on both 
the cavity and the outer sphere surfaces. 
We now make use of the azimuthal symmetry of the problem and expand the 
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exponential terms in (f)^ in a Fourier series[81] 
^•p = Ydime-irmt>'jm{kpym4, (A.12) 
m 
where Jm is a cylindrical Bessel function of order m. We also introduce the Fourier 
transform 
jm * 
Mj(k, m) = —= j <fy'MSj exp[-im<f>']. (A. 13) 
In this notation the interaction V becomes diagonal in azimuthal m and the La-
grangian of the combined system can be written L = £TO Lm, where 
L
 u=± 
npTTle ^ f dk nFme ^ r  2 „-2kT\ 
+




^2VlRyr £ [ dkk(l - e~2kT) 
l i=±,j=±J 
x e-^I^N^Mjik,™) (A.14) 
where ZQ is the distance between the center of the shell and the film surface and y™ 
is the normalization constant for the spherical harmonics. The integral 
rm jm 77 rm _•_ 171 rm 
Jkl,+,+ — 1kl,+ - — Pl2Ckl "+" r3^Skl 
47,-,+ = IE,-,- = Wcki + FJSH (A-15) 
where 
r d9sin9Jm(kasind)Pr(cosd)e-Jo 
rm _ •/• jd„„v,a j (u„nA^a\V>mt„„„Q\n-kacos6 1Ckl 
2 (-ka)1 
2l + l(l-m)\ 
Js« = r desinejm{kbsin6)P{n{cos6)e-khcose Jo 
_ 2 (-kb)1 
2l + l(l-m)\ 
and 
Fx = \ / - ± - s m & + xl 'Jpcosfr 
Fa =
 \l~a^~cosZl ~ %X \tfSiT^1 
F3 = -xl+\l^-sin{i - Jpcosb 
With the substitutions 
and 
the interaction term takes the form: 
(A 






 - w i ^ f e M i ( f c , m ) ' (A 
^ j ^ o ) = ,/Z«>B,F«>BtsvryftRy/i - e-2kTe~kZo 
resulting in the Lagrangian Eq. (3.2). 
Appendix B 
Discretization and Vector notation 
The Lagrangian Eq. (3.2), can be discretized by introducing a vector X repre-
senting the amplitudes of the primitive plasmons. A particularly convenient choice 
is 
X = (Nrm, Ntm, y/AkM_(k, m),y/Z3cM+(k, m))T, (B.l) 
with I = 1,2, ...,Zmoa: and k = 1,2,..., kmax- In this expression Afc is the spacing 
between adjacent wavevectors of the thin film plasmons. 
In this representation, the kinetic energy matrix Tx is diagonal with, 
/ • _ . . . \ 
Tx = 
1 — x 2/+1 0 
V 0 1 - e 
-2kT 
W i t h I — 1, ^ , . . . , Irnax & n d K — 1, 2 , . . . , Krnax-
The potential energy matrix takes the form: 
Vx = 
Vu Vtk 
\ vkl vkk) 
where I = 1, 2,..., Z^^ and k = 1, 2,..., fcmaa;, with 
/ 
Vtt = (1 - * 2 m ) 
\ 
ul_(x) 0 







Vkk = (1 - e-™') 
' "i-(T) 0 N 
^ 0 «gi+(T)' J 
/ \ 







\ Jkl,+,- Jkl,+,+ ) 
The appearance of the y/Ak term here and in several equations below is due to our 
choice of X in Eq. (B.l). 
It is useful to introduce a vector a representing the surface charges associated 
with the primitive plasmons. We define this vector as 
° = (°c,u &s,i, AkaPtk, AkoQik)T, (B.7) 
where I = 1,2,..., Imax, k = 1,2,..., kmax. The surface charges acj, and as,i are the sur-
face charges associated with the discrete cavity and sphere plasmons of the nanoshell 
and erp;fc and OQ^ are the surface charges associated with the primitive film plasmons 
for a specific wavevector k. The Ak factor in front of the primitive film plasmons 
arises from our discrete sampling of a continuum of primitive film plasmons. 
With this definition, the physical surface charges associated with the primitive 
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plasmons can be expressed as a = B • X, where 
B 
Bshell 0 
V 0 B 
(B.8) 
film J 
The transformation matrix for the nanoshell takes the form: 
/ 












where the quantities Fj are defined in Eq. (A. 17). The transformation matrix for the 
film takes the form: 
/ 
BfUm = rife 









 l - e - f c r X 
V 
(B.12) 
/ -1-e-kT i-e-kT 
In the discussion of the effects of background dielectrics, it becomes useful to 
express the potential energy of the system in terms of the surface charge vector a, 
V = \aTVaB. (B.13) 
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In this representation, the potential energy matrix takes the form 
% = (B-ifVxB-1 (B.14) 
To achieve convergence for the systems studied in the present paper, we include 
all nanoshell plasmons up to lmax — 40 and employ a uniform discretization of the 
film continuum with a wavevector cut-off of lnm - 1 and kmaX = 800. 
Appendix C 
Effects of dielectric background 
In this section we discuss the effects of dielectric screening in the structure. We 
consider background dielectric polarizabilities of the metallic structures and the di-
electrics of nonplasmonic embedding media. We will use the following notations to 
represent the permittivities of the different media: e<? f° r the nanoshell core, es for 
the metallic shell, ei for an embedding medium around the nanoshell and above the 
metallic film, ep for metallic film background, and 62 for a dielectric substrate below 
the metallic film. 
The effects of background dielectrics in the PH method is straightforward. In the 
presence of background dielectrics, the electrostatic energy in the system takes the 
form, 
V = \aTVafftotal. (C.l) 
where a refers to the real surface charge densities induced by the primitive plasmons 
and atotal are the total surface charges (real+induced). The effects of background 
dielectric can thus conveniently be included through a matrix x that relates the total 
charges to the real charges, a*0*0* = x&- Using this relation the potential energy for 
the primitive plasmons in the presence of dielectric backgrounds takes the form, 




where, V® = VxB~1xB, is the potential energy matrix for dielectric systems and Vx 
is the potential energy matrix calculated in the absence of dielectric backgrounds. 
The inverse matrix E = x _ 1 can be calculated directly from the discontinuities of 
the displacement field at the boundaries of the dielectrics, 
dr dr 
(C.3) 
where $j is the potential generated by the i : th total surface charge. 
The electrostatic potential from the primitive plasmons of the nanoshell takes the 
form, 
*sHell = £ 2 ^ 1 ^ ^ ^ a)acfl + ^ 6 ) < 7 ^ ] ( C - 4 ) 
with vi(r, r') = 4$r, where r< and r> refer to the smaller and the larger of r and r', 
respectively. The electrostatic potential from the primitive film plasmons takes the 
form, 
(C.5) (f> _ Y^ [0-k\z\„total , „-k|z+TI total] V/ilm-l^-jr*- P'k aQ,k\ 





,U,andfc = l,2,...,fc^,with 
es (i+misi &^r 1-1 
Eu — 
21+1 2J+1 






^ J f c = 
- f cT 
feT 
B« = -f-y?lkMe-*Z° 
(eF - e2)IBkla2e-kT (ef - * a ) W e 
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